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Abstract

This report presents the results of studies that investigate the physics reach at a Super B factory,
an asymmetric-energy ete™ collider with a design luminosity of 8 x 10%® cm™2s™!, which is
around 50 times as large as the peak luminosity achieved by the KEKB collider. The studies
focus on flavor physics and C'P violation measurements that could be carried out in the LHC
era. The physics motivation, key observables, measurement methods and expected precisions
are presented.



Contents

1 Introduction

1.1 Motivation for the Higher Luminosity B Factory . . .. .. ... ... ... ...

Flavor Structure of the Standard Model

2.1 Flavor Structure of the Standard Model . . . . . . .. .. .. ... ... ..

2.2 Low Energy Effective Hamiltonians . . . . . . .. ... ... .. .. ... ..

2.3 Theoretical Methods . . . . . . . .. .. Lo
2.3.1 Heavy Quark Symmetry . . . . . . . .. ...
2.3.2 Heavy Quark Expansion . . . . . . . . . . ... ... ...
2.3.3 Perturbative Methods . . . . . . .. . ... L o
2.3.4 Lattice QCD . . . . . . . e

2.4 CP violating processes . . . . . . . . .o
2.4.1 B — B mixing and time-dependent CP asymmetry . . . ... ... .. ..
2.4.2 Measurement of sSin2¢1 . . . . . . ...
2.4.3 Other decay modes leading to sin2¢1 . . . . . . . ... ... ... ..
2.4.4 Measurement of g9 . . . . .. L
2.4.5 Other indirect CP asymmetries . . . . . . . . ... ... ... ... ..
2.4.6 Direct CP asymmetry . . . . . . . . . . ..
2.4.7 CP phases through D meson intermediate states . . . . ... ... .. ..

2.5 Other processes of interest . . . . . . . . . . . ... L
2.5.1 b — sy and related processes . . . . . ... Lo
2.5.2 Leptonicdecays. . . . . . . . .. e
253 B—DWri. .
254 B—= X 0. .

Flavor Structure of the Physics beyond the Standard Model
3.1 DMotivation for New Physics . . . . . . . .. . oo
3.2 New physics scenarios . . . . . . . . . .. L o
3.3 Supersymmetric models . . . .. ..o Lo
3.4 Searching for SUSY effects in the b — s transitions . . . . .. .. ... ... ...
3.4.1 Hadronic uncertainties in the SM predictions . . . . . . .. .. ... ...
3.4.2 Mass insertion approximation for SUSY contributions . . . ... ... ..
3.4.3 Effective Hamiltonian for the SUSY contributions . . . .. .. ... ...
3.4.4 SUSY contributions to Sprgmig -« -« v v o oo oo
3.4.5 SUSY contributions to Sp_,ggr0y - - -« -« oo
3.4.6  SUSY models beyond leading logarithm (large tan  scenarios) . . . . . .
3.5 Model independent study of b — sy and b — sl]~ processes . . ... ......
3.6 Lepton Flavor Violation . . . . . . . . . .. ... ... .. ... ... ... ...

12
12
15
18
18
18
19
20
21
21
23
24
24
26
26
26
26
26
27
27
28



3.6.1 LFV in the Supersymmetric Models . . . . ... ... ... .. ...... 58

3.6.2 SUSY Seesaw Mechanism and SUSY GUTs . . . . ... ... ... .... 61
3.6.3 Other Theoretical Models . . . . . . ... .. ... ... ... ... 63

4 Belle Status 72
4.1 sin2¢; inb—ccés Processes . . . . . . . ... L Lo 72
4.2 (CP-Violation in b — sqq Penguin Processes . . . . . . . . .. ... ... ..... 74
4.3  ¢o measurements . . ... ... Lo Lo e 75
431 BY—awtrT o 76
432 BY—ptpm 76
433 B —ptaT 77
4.3.4 Combined ¢ Constraint . . . . . . . . ... ... .. ... ... ..... 78

4.4 ¢3 Measurement . . . . ... e 78
4.5  Status of Unitarity Triangle Determination . . . . . . . . .. .. ... ... ... 81
4.6 Radiative B decays . . . . . . . . ... 81
4.6.1 Exclusive B — K™y . . . . . . e 81
4.6.2 Other Exclusive Radiative Decays . . . . . .. .. .. ... ... ..... 82
463 b—dyDecays . .. .. .. 82

4.7 Electroweak Rare B Decays . . . . . . . . . . .. . . 83
4.8 B = TUr v o o e e e e e e e e e e e 85
4.9 Prospects . . . .. 87
5 Sensitivity at SuperKEKB 94
5.1 OVerview . . . .. L e 94
5.1.1 Goals of sensitivity studies . . . . . . .. ... oL 94
5.1.2 Time-dependent C'P asymmetries . . . . . . . . . . .. ... .. ... ... 95
5.1.3 B tagging with full reconstruction . . . .. ... ... 97

5.2 New CP-violating phasein b — sqgq . . . . . . . . ... ... .. ... ...... 100
5.2.1 Introduction . . . . . .. . 100
52.2 BY = ¢KY n/KYand B — KSK2KY . .. ... .. ... ... . ... . 100
5.2.3 Time-dependent Dalitz plot analysis of B® — d)Kg ............. 104
524 BT — ¢dXE .. 108
5.25 Discussion . . . . . ..o e 110

53 b—sy,b—dyandb— sT0™ . .. 111
5.3.1 Introduction . . . . . . . . ... 111
5.3.2 B — Xgv branching fraction . . . ... ... ... oL 112
5.3.3 B — Xyv branching fraction . . . .. ... ... o000 114
5.3.4 B — Xgvydirect CP asymmetry . . . . . . ... ... 116
5.3.5 Mixing induced CP asymmetry inb — syand b —dvy . ... ... .. .. 116
536 b— sywithy —eTe conversion . ... .................. 117
5.3.7 B — K*{T¢~ forward-backward asymmetry . . . ... ... ... ..... 120
538 B — Kutp~ versus B— Kete™ . . ... ... 121
5.3.9 Summary . . ... .. e 122

5.4 Leptonic Decays : B — v . . . . . . . . 123
5.4.1 Introduction . . . . . . . ... 123
5.4.2 B D> TU o oo e e e e e e 124
543 B —=lv ..o e e 126
544 B Kvuv . .o e 128



5.5

5.6
0.7

5.8

5.9

5.10

5.11

5.12

5.13

B — D1y, . 133

5.5.1 Introduction . . . . . . . .. ... 133
5.5.2 B — D7Tu. Reconstruction . . . . . . . . . . ... 133
5.5.3 Kinematic Event Selection . . . . . . . ... ... L. 135
5.5.4 Background Components . . . . . . . . . . ..o 139
5.5.5  Statistical Significance . . . . . . .. .. oL 139
5.5.6  Systematic Uncertainty . . . . . . . . . . ... L. 139
5.5.7 Constraints on the Charged Higgs Mass . . . . . . ... ... ... .... 140
5.5.8  Summary . ... .o e e e e e 141
SIN2P1 - v e e 142
0 S 145
5.7.1 @2 extraction with B — mm decays . . . . . .. ... ... ... ... .. 145
5.7.2 @9 extraction with B — pmdecays . . . . ... .. ... .. ... ... 146
5.7.3 ¢o extraction with B — ppdecays . . . . ... ... ... ... ... 148
5.74 Statusof B —ajmdecays . . . . . ... Lo 151
5.7.5 Summary of the ¢ measurements . . . . . ... ... 152
s S 153
5.8.1 Introduction . . . . . .. . 153
5.8.2 The GLW and ADS methods . . . . . .. ... .. ... .. .. ...... 153
5.8.3 The Dalitz analysis . . . . . . . ... ... 155
5.8.4 ¢3 sensitivity with 50 ab™! . . ... 159
585 DWTatmodes . . ... 161
5.8.6 Conclusion . . . . . . . . . . . e 164
1729 165
5.9.1 Introduction . . . . . .. . 165
5.9.2 Theoretical formalisms for the semileptonic B decays . . . . . . . ... .. 165
5.9.3 Measurement of inclusive b — u semileptonic decays . . . . .. ... ... 172
5.9.4 Measurement of exclusive b — u semileptonic decays . . . . . . ... ... 175
Tau decays . . . . . . .o 178
5.10.1 Introduction . . . . . . . . . .. .. 178
5.10.2 Status of B-factory experiments . . . . . .. ... 182
5.10.3 Results on the LFV 7 Decays from B-factory Experiments . . . . . . .. 183
5.10.4 Sensitivity to New Physics Model . . . . . . ... ... .. ... .. ... 188
5.10.5 Prospects for SuperKEKB . . . .. ... .. 0o 188
5.10.6 Summary . . . . ... e e e e e 190
Bl physics at T(5S) . . . . . 192
B.AL.1 Overview . . . . . . o e e e e e e 192
5.11.2 Measurement of BY — ~yy . . . . ... 193
5.11.3 Test of SM: ATl'y/I's and weak phase B . . . . . ... ... ... ..... 194
5.11.4 Potential of A studies at eTe™ — ApA,

process near mass threshold . . . . . . . . ... ... o L. 197
Charm Physics . . . . . . . . o e 199
5.12.1 Introduction . . . . . . . . . .. .. 199
5.12.2 Spectroscopy of charmed baryons . . . . . . . .. ..o 199
5.12.3 Double c¢ production . . . . ... ... Lo 202
5.12.4 Semileptonic and leptonic D meson decays . . . ... ... ... ..... 204
5.12.5 D° — D° mixing and CP violation . . . .. .. ... ... ... ...... 207
Charmonia and new particles . . . . . . . . . . ... 213



5.13.1 Charmonia below open-charm threshold . . . . . . .. ... .. ... ... 213

5.13.2 Charmonia above open-charm threshold . . . . . ... ... .. ... ... 215

5.13.3 Charmonium-like states . . . . . . . . . . . .. ... ... ... ... ... 216

5.13.4 Spectroscopy and cross-sections through ISR . . . . . ... .. ... ... 218

5.13.5 Summary . . ... L e e e e 220

5.14 Electroweak physics . . . . . . . .. Lo 223
5.15 Summary . . . ... .o e 227

6 Study of New Physics Scenarios at SuperKEKB 257
6.1 SUSY . . . e e e 257
6.1.1 Comparison of different SUSY breaking scenarios . . . . . . .. ... ... 257

6.2 The CKM fit as a model independent approach . . . . . . . ... ... ... ... 265
6.2.1 Strategy . . . . . ... 265

6.2.2 The CKMfit . . . . . . . . . . e 265

7 Summary 272



Chapter 1

Introduction

1.1 Motivation for the Higher Luminosity B Factory

Since the end of the last century, two asymmetric-energy ete~ B factories, the KEKB collider
for the Belle experiment at KEK and the PEPII collider for the BaBar experiment at SLAC,
have been achieving a tremendous success that lead to the confirmation of the Standard Model
(SM) in the quark flavor sector. In the summer of 2001, the presence of C'P violation in the
B meson system was established by the Belle collaboration [1-4] and simultaneously by the
BaBar collaboration [5-8] through the measurement of the time dependent asymmetry in the
decay process BY(B?) — J/¢K2. This measurement was the main target of the present B
factories, and it was achieved as originally planned. The experimental data indicated that
the Kobayashi-Maskawa mechanism, which is now a part of the SM of elementary particles, is
indeed the dominant source of the observed C' P violation in Nature. Following the experimental
confirmation, M. Kobayashi and T. Maskawa were awarded the 2008 Nobel Prize for physics.

The present paper, which is a thorough update of a document published in 2004 [9], aims
to provide the motivation, experimental methods and at least part of the scientific output that
could be expected with an upgraded B factory, based on the successful KEKB collider and Belle
detector, and planned to start operation in few years.

The Belle experiment proved its ability to measure a number of decay modes of the B me-
son and to extract Cabibbo-Kobayashi-Maskawa (CKM) matrix elements and other interesting
observables: the precision of the measurement of the angle ¢; of the unitarity triangle through
the B® — J/¢ K2 time-dependent asymmetry has improved to better than 5% [10,11]; direct
CP violation was observed in B — 7t~ [12] and K*7~ [13] decays; the angle ¢ [12,14-16]
has been measured with B — 7w, pm and pp systems using isospin symmetries; the angle ¢3
has also been measured through the processes B — D® K®) and the evidence of direct C'P
violation in B — DK decays was obtained [17]; the magnitudes of the CKM matrix elements
have been measured much more precisely than before; rare B decays such as B — K Q7 [18],
py [19] and 7v [20] have been observed for the first time; the first evidence of D° — D° mixing
surfaced [21]; the quantum entanglement of neutral B meson pairs was directly confirmed [22].
Through these precise measurements and new observations we have succeeded to overconstrain
the quark flavor sector of the SM. The latter proves to be self-consistent within the current
accuracy of the experimental results.

In spite of the tremendous success mentioned above, several fundamental questions remain
in the flavor sector of quarks and leptons. First of all, the SM includes too many parameters -
the masses and mixing parameters of the quarks and leptons - all of which are apriori unknown
and should be determined experimentally. This is due to the fact that there is no principle to



govern the Yukawa terms in the SM Lagrangian. Any Yukawa coupling between two fermions,
irrespective of the generation they belong to, is allowed, as far as it is gauge-invariant and
renormalizable. In spite of this fact, the measured CKM matrix elements show a clear pattern
as shown in Fig. 1.1. The origin of this hierarchy is a mystery at the moment; it may indicate
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Figure 1.1: Current knowledge on the CKM unitary matrix.

that some hidden mechanism, e.g. some new flavor symmetry, exists at a higher energy scale.
Secondly, from a cosmological viewpoint, there is a serious problem with the matter-antimatter
asymmetry in the universe. While the C'P violation is one of the conditions for the evolution of
a matter dominated universe [23] the magnitude of the asymmetry cannot be explained solely
by the C'P violation within the Standard Model, which originates from the quark mixing.

There are also other fundamental questions in the SM, which have a deep impact on the
studies of flavor mixing. Due to quadratically divergent radiative corrections, the Higgs mass
is naturally of the same order as its cutoff scale. This implies that some new physics exists
not far above the electroweak scale, most likely at the TeV energy scale. The mechanism to
suppress the Flavor-Changing Neutral Current (FCNC) processes should be present in new
physics models if the new physics lies at the TeV energy scale, because otherwise such FCNC
processes would violate current experimental limits. Even with such a mechanism, many TeV
new physics scenarios almost inevitably introduce new flavor mixing that can be detected with
precision measurements at the energy scale of B factories. Information obtained from flavor
physics experiments is thus essential to uncover the details of the physics beyond the Standard
Model, even after energy frontier machines discover new particles.

The history of particle physics tells us that the flavor physics experiments often provided a
breakthrough in their own period. In fact, before its discovery, the existence of the charm quark
was postulated to explain the smallness of strangeness-changing neutral currents (the Glashow-
Mliopolous-Maiani (GIM) mechanism [24]). The third family of quarks and leptons was predicted
by Kobayashi and Maskawa to explain the small C'P violation seen in kaon mixing [25]. The top
quark mass was predicted based on the B® — B? mixing measurements, before it was directly
measured at the Tevatron. These are all examples of FCNC processes, with which one can
investigate the effect of heavier particles appearing only in quantum loop corrections. Moreover,
there have been many unexpected discoveries in the past and Belle has followed the tradition:
several new states, which according to the so far known properties cannot be placed in the
conventional quark model of hadrons, were discovered [26-28]. Therefore, if the history can
be any guide, a long-term step-by-step strategy for flavor experiments should be part of the



grand challenge of particle physics. It will play a complementary role to the TeV energy-frontier
colliders such as the Large Hadron Collider (LHC) and the International Linear Collider (ILC),
which are expected to produce new heavy elementary particles.

A natural place to investigate a wide range of FCNC processes is in B meson decays. This is
because the bottom quark belongs to the third generation of fermions and hence the processes
with b quarks involve all existing generations of quarks. In addition to B® — BY mixing, which
is an analog of the traditional K — K° mixing, there are many FCNC decay processes induced
by so-called penguin diagrams, such as the radiative decay b — s7, the semileptonic decay
b — s¢T¢~, and the hadronic decays b — dqq and b — sqq. All of these processes are suppressed
in the Standard Model by the GIM mechanism, and, therefore, the effect of new physics may be
relatively enhanced.

The present two B factories have not only confirmed the CKM picture of the quark mixing
but also discovered many new processes. Examples include the semileptonic FCNC processes
B — K{t¢~ [29], B— K*(T¢~ [18], B — X (¢~ [30] with inclusive reconstructions of the Xj
system, the only FCNC process involving uplike quarks so far - mixing in the D system, and a
purely leptonic decay B — 7.

Recent results include some which prove at least to be difficult to explain within the SM,
if not some hints of deviations from its predictions. The values of the angle ¢; measured in
some penguin process b — sqq and the precisely measured value in B — J/ ng differ by two to
three standard deviations (B® — n%7%KY, BY — KTK~K", [11,31,32]) and may suggest the
existence of a new C'P phase in this penguin process; the lepton forward-backward asymmetry in
B — K*{*{~ is around two standard deviations higher than the SM prediction [33]; direct C PV
asymmetries in B — KT7~ and BT — K70 differ significantly, although naively one would
expect them to be the same [34]; the branching fraction for BT — 7v is up to two standard
deviations higher than the expectation, depending on the theoretical input chosen [11,35]; in
purely leptonic DY — pv and D — 7v decays the deviation is even larger [36,37] if one
uses the recent lattice QCD calculations of the meson decay constant; the measured production
cross-section for pairs of c¢ states is higher than the calculations predict [38]. By collecting
many such observations we may probe new physics, and, once its existence is established, these
measurements will determine the properties of the new physics. This is possible, however, only if
the luminosity at present B factories is upgraded by a substantial amount. As we discuss in the
following chapters, a factor of 50 improvement will greatly enhance the possibility to discover
possible new physics and identify its nature. The Higher Luminosity B Factory SuperKEKB is
a machine designed to explore such interesting B decay processes.

There are several important questions in flavor physics where SuperKEKB plays an essential
role to answer: Is there any new C P-violating phase?; Is there any new right-handed current?;
Is there any effect from new Higgs fields?; Is there any new flavor violation such as lepton-
flavor violation?; Is there any new flavor symmetry that explains the enigmatic CKM hierarchy?
SuperKEKB offers unique measurements to answer these questions. Examples include time-
dependent CP asymmetries in B — ¢K©, ngﬂ'o’}/, branching fractions for B — 7v, D1v,
T — vy, CPV for charmed mesons, and of course angles and sides of the CKM unitarity
triangle. These are “clean” measurements in a sense that both experimental and theoretical
systematic uncertainties are small. There are many other “clean” measurements possible at
SuperKEKB as will be described in this report. Indeed the true strength of SuperKEKB lies in
the fact that correlations among the large number of such measurements identify the nature of
flavor structure beyond the Standard Model.

B physics programs are also being pursued at hadron machines, including the ongoing Teva-



tron experiments [39] and the B physics programs at the Large Hadron Collider (LHC) [40],
which started operation in 2009. Because of the very large production cross section for b-quarks
in the hadron environment, some of the measurements such as By — uu can be performed better
at the hadron colliders. However, an e™e™ machine provides a much cleaner environment, which
is essential for important observables that involve 4’s, 70’s, Kg’s or neutrinos in the final states.
At the Y(4S5) resonance, the BB pair is produced near the energy threshold and there are no
associated particles. This means that by reconstructing the full energy-momentum vector of a
B (B) meson from its daughter particles (the full reconstruction technique), one can infer the
missing momentum in the decay of the other B (B) meson. This technique is essential for the
measurement of channels including neutrino(s) in the final state. The measurement of the CKM
element |V,;5| through the semi-leptonic decay b — ulv, the search for a charged Higgs effect in
B — D7r, and measurements of B — Kvv, B — tv fall in this class. Therefore, there is no
doubt that SuperKEKB is complementary to the future experiments at the hadron machines
from both, the motivational and the experimental aspect.

In the following two chapters some theoretical grounds of the flavor physics within and
beyond the SM are addressed. In Chapter 4 we briefly overview the current status and the main
results of the Belle experiment. Experimental methods and expected results of SuperKEKB are
detailed in the main part of the paper, Chapter 5. Some of possible New Physics scenarios and
their identification through measurements at the planned Super B factory are given in Chapter
6, and the last chapter summarizes the paper.
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Chapter 2

Flavor Structure of the Standard
Model

The Standard Model has a rich structure in its flavor sector, mainly because it contains three gen-
erations of quarks and leptons. In the quark sector, it is well established that the misalignment
between the weak interaction eigenstates and mass eigenstates leads to the Cabibbo-Kobayashi-
Maskawa (CKM) matrix, which is the source of the transitions between different generations.
Even more importantly it offers the source of the C'P violation. This flavor structure has been
confirmed by many experimental measurements to a good precision. In this chapter we sum-
marize the basic flavor structure of the Standard Model and discuss the principles of various
measurements to probe the flavor structure through the B meson decays.

Among experimental tests of the C'P violation, measurements of the mixing induced C'P
violation in the neutral B meson system played a central role at the present B factories. The
angle ¢1 of the unitarity triangle has been measured very precisely, and precision measurement
of the angle ¢ is also possible by accumulating more statistics.

The present B factories have also demonstrated the sensitivity in other measurements in-
vestigating the flavor structure. The direct C'P violation in B meson decays can be measured
in the decay modes such as B — nw and B — Km. The angle ¢3 can be measured through
the interference of decay amplitudes involving intermediate D) mesons. Several other Flavor
Changing Neutral Current (FCNC) processes that are sensitive to possible new heavy particles
exchanged in the loops of Feynman diagrams have also been investigated.

Since the start of the measurements with the present B factories, the knowledge of the CKM
matrix elements has been greatly improved. We will briefly summarize the current status in
Sec. 2.4.

2.1 Flavor Structure of the Standard Model

In the Standard Model of elementary particles there are three generations of leptons and quarks
Ve vy v,

() () (%) e
U c t

(i) () (0), 22

and their interactions are described by a gauge field theory with the gauge group SU(3)c X
SU(2)r, x U(1)y. The strong interaction among quarks (QCD) is described by SU(3)c. The
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left- and right-handed fermion fields transform differently under the electroweak gauge group
SU(2)L xU(1)y. The right-handed components of the leptons and quarks are singlets under the
weak SU(2)r, The weak hypercharge Y has values Y = —1 for (v, ¢)r, Y = 1/3 for (qu,q4)1,
Y = —2for lp, Y =4/3 for gqug and Y = —2/3 for g4r, such that the lepton and quark charges
are obtained. The left-handed leptons are doublets of the weak SU(2),, while the weak doublets
of quarks differ slightly from (2.2) and are given by

(#), (2), (b)) =

The weak eigenstates (d’, s’, ') are linear combinations of the mass eigenstates (d, s,b). They
are rotated by a 3 x 3 unitary matrix, referred to as the CKM matrix Voxw [1,2],

A d Vid Vas Vo \ [ d
s | =Vexkm | s | = Vea Ves Vi s |- (2.4)
b/ b ‘/td V;Ss V;ﬁb b

The charged current interactions of quarks are mediated by the W bosons and are described by
the interaction Lagrangian

d/
£ = —g—Q(H C f)Lfy“ s W,I%—h.c.
V2 ;
L
d
_ _9_2(— 1 By T4ip 9
= U C )L”y Vekm | s W#-l- .C., (2.5)

V2 b ),
where W, denotes the W boson field, and g, is the gauge coupling of SU(2)r. In the low energy
effective Hamiltonian, obtained by integrating out the boson fields, the strength of the charged
weak interaction is given by the Fermi constant Gr/v/2 = g3/ SMVQV. Due to the misalignment
between the up-type and down-type quark fields, the charged current induces transitions among
different generations.

In contrast, the neutral current is flavor-conserving, which is ensured by the unitarity of the
CKM matrix, and, thus, Flavor Changing Neutral Currents (FCNC) are absent at the tree level
in the Standard Model. This is the Glashow-Iliopoulos-Maiani (GIM) mechanism [3]. Even
including loop corrections, the FCNC interactions vanish in the limit of degenerate (up- or
down-type) quark masses, due to the unitarity of the CKM matrix.

The CKM matrix is a unitary N x N matrix with N(= 3) number of generations, and thus
contains N2 parameters in general. However, 2N — 1 phases may be absorbed by re-phasing
the 2N quark fields (one overall phase is related to the total baryon number conservation and
is irrelevant for the quark mixing), and (N — 1)? independent parameters remain. Of these,
%(N —1)N are real parameters, which correspond to rotation angles among different generations,
while (N — 2)(N — 1) are imaginary parameters, which are sources of C'P-violation. In the
three-generation Standard Model, there are 3 mixing angles and 1 C'P-phase.

The standard parametrization of the CKM matrix is the following [4]:

€12€13 512€13 s13e”"
_ i i
Vekm = | —s12023 — c12523513€"°  c12C23 — 512523513€" 523C13 ) (2.6)
6 i
512523 — C12€23513€"°  —S23C12 — S12€23513€"  C23C13
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F'S
‘/cd cb

(7,7)

(0,0) (1,0)
Figure 2.1: Unitarity triangle

where ¢;; = cos 0;; and s;; = sin §;; with 6;; (ij = 12, 13 and 23) the mixing angles, and ¢ is the
complex phase. It is known experimentally that the angles are small and exhibit the hierarchy
1> s19 > s93 > s13. To make this structure manifest, the Wolfenstein parametrization [5] is
often used, in which one sets A = |V,5| >~ 0.22 and

1—2A2/2 A AN3(p — in)
VokM = -2 1—\2/2 AN? + 0\, (2.7)
AN(1—p—in) —AN 1

with A, p and 7 being real parameters of order unity. In this parametrization the source of
C P-violation is carried by the most off-diagonal elements V,; and V.

Among these four parameters, A and A are relatively well known from corresponding semi-
leptonic decays: |Vis| = 0.2255 £ 0.0019 from K3 decays and |Vy| = (41.2 & 1.1) x 1073 from
inclusive and exclusive b — clv; decays [6]. The determination of the other two parameters p
and 7 is conveniently depicted as a contour in the (p,n) plane. It corresponds to the unitarity
relation of the CKM matrix applied to the first and third columns

VudVap + VeaVe, + ViaVig, = 0. (2.8)

This relation may be presented in the complex plane as in Fig. 2.1 (a), which is called the
“unitarity triangle”. Since V.4V is real to a good approximation (up to O(A")), it is convenient
to normalize the triangle by [V.qV;| = AA3 so that the apex has the coordinate (p,7) where

p=p(1=X/2), 7=n(-)/2), (2.9)
(Fig. 2.1 (b)). The three angles of the unitarity triangle represent the complex phase of the
combinations
by ] ek
=arg |———=|, =arg |————— |, =arg |———=| . 2.10
1 g[%% ¢2 = arg VadVs ¢3 = arg VoVt (2.10)
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Figure 2.2: A fit of the parameters (p,7) using several experimental constraints as of Winter
2009. The plot is taken from [7].

The notation a = ¢o, 8 = ¢1, ¥ = ¢3 is also used in the literature.
The present constraints on the parameter (p,7) are summarized in Fig. 2.2 [7].

2.2 Low Energy Effective Hamiltonians

In B decays the exchange of a W boson and virtual loops involving the top quark are effectively
point-like interactions, since the relevant length scale of B meson decays is of the order of
O(1/myp) while the W exchange takes place at a much shorter distance scale O(1/My). It is
theoretically inefficient to calculate the physical amplitudes using the entire W and top quark
propagators, and one may instead introduce a low energy effective Hamiltonian. This framework
is based on the Operator Product Expansion (OPE) [8], which allows one to separate the long
distance physics from the short distance interactions, occurring at a length scale of 1/My, up
to the corrections of order my /My, which can be safely neglected in many cases.

For instance, B? — B mixing occurs through the box diagrams shown in Fig. 2.3. The
interaction can be described in terms of the AB = 2 effective Hamiltonian [9, 10]

G . .
Hap = 1oz (Vi Via)* Miy C2 =2 () Q277 (), (2.11)

where the AB = 2 effective four-quark operator is

QAP=2 = dy, (1 — v5)bdyu(1 — 73)b. (2.12)

The operator is defined at the renormalization scale u;, ~ my, with the corresponding Wilson
coefficient given at leading order by CAP=2(1) = [as(pw) /s (11p)]%/?3 So(m? /ME,). The func-
tion So(m?/M3,) is the Inami-Lim function [11] and describes the leading order loop effect in
the box diagrams at the weak scale.
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Figure 2.3: Box diagrams to produce the AB = 2 four-quark operator

b q

d q

Figure 2.4: Tree-type W boson exchange diagram.

The AB =1 transitions are described by the following effective Hamiltonian

_, 4G
H%lefzgmeE:qg@oxmy+ho, (2.13)

where Voky is the corresponding CKM matrix element. The operators O;(up) defined at the
scale py, are listed below, and the couplings C;(up) are the Wilson coefficients.

The effective operators representing the tree-level W exchange diagram depicted in Fig. 2.4
are

0! = d"v(1 =) "1 — )b, q=u,c, (2.14)
0f = d"vu(1 =) PP (L — 1w, g=u,c (2.15)

The summation over the color indices v and 3 is implied. There is another set of operators
obtained by replacing d by s.

Many important FCNC decays occur through the so-called penguin diagrams. Some exam-
ples are shown in Fig. 2.5. The gluon penguin diagram (Fig. 2.5 (left)) generates the following
operators

05 = Y T - w7 (- ), (2.16)
q=u,d,s,c

Or = > d7u-%"7" (1 - ), (2.17)
q=u,d,s,c

Os = > @yl 71 +%)d, (2.18)
q=u,d,s,c

O = Y dy0—)b 7" (1 +5)" (2.19)
q=u,d,s,c
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Figure 2.5: Penguin diagrams. The fermion line on the bottom are quarks for the gluon penguin
diagram (left), while either quarks or leptons can be involved in the electro-weak penguin (right).

There are also diagrams in which the gluon or photon is not attached to the fermion line and
directly appears in the final state. Such diagrams produce

e Nz

077 = meda“ (1+’}/5)Fuyb, (220)
g g MV a a

Ogg = medaﬂ (1 + ’}/5)G#VT b, (221)

where [, and G, are electromagnetic and QCD field strength tensors, respectively. These
operators are responsible for the b — dv and b — dg transitions. The operators relevant for the
b — sv and b — sg transitions are obtained by replacing d by s in (2.20) and (2.21).

The electroweak penguin diagram (Fig. 2.5 (right)) gives a higher order contribution in the
electromagnetic coupling constant «. However, its contribution is not negligible due to the
heavy top quark. It is also important since heavy new particles could enhance its contribution.
Moreover, the electroweak penguin process leads to isospin symmetry breaking and in some
cases this aspect can be relevant. The corresponding operators are

3

Or = 35 > egd (1 — )b 7 (1 4 45)q”, (2.22)
q=u,d,s,c
3 _
Os = 35 > eqd (1 =) T (1 +5)q", (2.23)
q=u,d,s,c
3 - _
Oy = 35 D> egd (1 — )b 7 (1 = y5)d”, (2.24)
q=u,d,s,c
3 - _
O = 5 > egd (1 =)’ T (1 - y5)g”. (2.25)
q=u,d,s,c

eq is the electromagnetic charge of quarks; 2/3 for up-type quarks and —1/3 for down-type
quarks. When the fermion line in the bottom of Fig. 2.5 (right) is a lepton (e, u or 7), the
diagram also generates

2

e i —

Ogy = 167T2d7y(1—75)bl7#l’ (2.26)
2
e i —

O104 = Wd%(l—%)bl%%l. (2.27)

These operators give rise to the b — d(s){T]~ transitions.

The Wilson coefficients in Eq.(2.13) are calculated using a perturbation theory to next-to-
leading order (NLO) [12-15]. Next-to-next-to-leading order (NNLO) values are also known [16].
The remaining task for the calculation of the mixing and decay processes is to evaluate the
matrix elements (f|O;|i) of the operator O; for a given initial state |i) and final state |f).
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2.3 Theoretical Methods

In order to extract fundamental parameters, such as the quark masses and CKM matrix elements,
from B decay experiments, one needs model independent calculations of the decay amplitudes.
However, since B meson decays involve complicated QCD interactions, which are highly non-
perturbative in general, the theoretical calculation of physical amplitudes is a non-trivial task.
Some of theoretical methods are briefly described in the following.

2.3.1 Heavy Quark Symmetry

One useful theoretical method for avoiding hadronic uncertainties is to use symmetries. Using
isospin or SU(3) flavor symmetries different decay amplitudes can be related to each other. This
approach is widely used in B decay analyses, e.g. the isospin analysis of 7w decays to extract
sin 2¢9 discussed in Section 2.4.4.

Another symmetry which is especially important in B physics is the heavy quark symmetry
[17,18]. In the limit of an infinitely heavy quark mass, the heavy quark behaves as a static
color source and the QCD interaction cannot distinguish different flavors, i.e. charm or bottom.
Consequently the decay amplitudes (or form factors) of b and ¢ hadrons are related to each
other (heavy quark flavor symmetry). Moreover, since the spin-dependent interaction decouples
in the infinitely heavy quark mass limit, some form factors become redundant (heavy quark spin
symmetry). The most famous example are the heavy-to-heavy semi-leptonic decay B — D®m,
form factors. In general there are 6 independent form factors for these exclusive decay modes,
but in the heavy quark limit they reduce to one; the Isgur-Wise function, and its normalization
in the zero-recoil limit is determined.

A more general formalism has also been developed in the language of effective field theory,
i.e. Heavy Quark Effective Theory (HQET) [19-21]. It provides a systematic expansion in terms

of Aqep/mq.

2.3.2 Heavy Quark Expansion

The inclusive decay rate of a B meson to the final state X can be written as

DB = X) = 5 372015 (o — po) | (X P ) P (225)
X

where the sum runs over all possible final states and momentum configurations. The effective
Hamiltonian HeAﬁle (see Sect. 2.2) is proportional to (¢y*Prb)(lv,Prv;) when the b — ¢

semileptonic decay is considered, or to (wy*Ppb)(ly,Pry;) if we are interested in using the
b — wu semileptonic decay process to determine |V,|. It could also describe non-leptonic decay
by considering a four-quark operator (¢y*Prb)(gv,Prq’). Using the optical theorem, Eq.(2.28)
can be rewritten in terms of an absorptive part of a B meson matrix element

I(B - X) = mLBIm (B|T|B), (2.29)

where the operator 7 is

T- / d4aT (HAP= (2)HAE=1(0)) | (2.30)

and T denotes the time ordered product. Since the momentum flowing into the final state
quark propagator is large (~ my), one can expand the time-ordered product of operators in
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terms of local operators, using the Operator Product Expansion (OPE) technique [8]. It gives
an expansion in terms of the inverse heavy quark mass and is thus called the Heavy Quark
Expansion (HQE) [22-26].

The lowest dimensional operator is bb, whose matrix element is unity at LO. The first
non-trivial higher order correction appears at O(1/m?) with the chromomagnetic operator
b0 gsGHb. Therefore, at O((Aqcep/mep)?) the heavy quark expansion can be expressed in
terms of two non-perturbative parameters

1

N = o BERGD B, (231)
Ay = 2ng<B(U)I%EUUMVG‘“’hU|B(v)), (2.32)

where the operators are defined with the HQET field h, and the B meson state is also defined
in the heavy quark limit. Ao is known from the hyper-fine splitting of the B meson (B-B*
splitting) to be Ay =~ 0.12 GeV?, while \; has to be calculated using non-perturbative methods,
such as QCD sum rules [27,28] or lattice QCD [29-32], or to be fitted with experimental data
of inclusive B decays [33-37].

2.3.3 Perturbative Methods

Model independent theoretical calculations of exclusive non-leptonic decay amplitudes are known
to be very challenging, as they involve both soft and hard gluon exchanges and clear separation
of the perturbative (hard) and non-perturbative (soft) parts is intractable. In the heavy quark
limit, however, a formulation to realize such separation of short and long distance physics has
been developed in the last decade, ameliorating the perturbative calculation of decay amplitudes.

The intuitive idea is the color transparency argument due to Bjorken [38]. An energetic light
meson emitted from B decay resembles a color dipole, and its soft interaction with the remaining
decay products is suppressed by Aqcp/mp. A systematic formulation of such an idea is provided
by QCD factorization [39-43]. In this formalism, the decay matrix elements of B — m7 can be
factorized in the form

1
)@ QBO) = F5 () / du T (u) s (u)
+/Old£dudv TH (&, u,v) P (6)Pr(u)Pr(v), (2.33)

for a four-quark operator );. The first term represents a factorization of the amplitude into
the B — 7 form factor and an out-going pion wave function ®,(u) convoluted with the hard
scattering kernel T} (u). Here, the term “factorization” is used for two meanings: one is the fac-
torization of the diagram to (r|V|B)(m|A|0), while the other is the separation of hard, collinear
and soft interactions. The kernel Ti[ (u) describes the hard interaction only and, thus, is cal-
culable using perturbation theory. The second term in Eq.(2.33) describes a factorization of
the amplitude into three pieces: B — 0, 0 — 7, and 0 — 7 convoluted with a hard interaction
kernel TZ-I y (&, u,v). To make the factorization of hard, collinear and soft degrees of freedom more
explicit, an effective theory has also been developed, which is called the Soft Collinear Effective
Theory (SCET) [44-47]. Using SCET, the factorization can be generalized to all orders of the
perturbative expansion. Recently factorization has been shown at NNLO for vertex corrections
to the tree amplitudes [48,49]. For NLO results in spectator scattering including penguins
see [50, 51].
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The form factor f5~7(¢?) and the light-cone distribution function (or wave function) ®z(¢)
and @, (u) contain long-distance dynamics, which has to be treated with non-perturbative meth-
ods.

Another method of factorization, Perturbative QCD (PQCD) [52-58], which is based on
the kp factorization theorem, has also been proposed and used in the analysis of various B
decay modes. It relies on the Sudakov suppression, which ensures the absence of end-point
singularities. The form factor f#~7(¢?) is then made factorizable, and the entire matrix element
can be factorized into convolutions of the hard kernel H;, the jet function J, the Sudakov factor
S, and the wave functions as

(r7|Qi|B) = H; @ J @ S ® 5 ® &, @ O, (2.34)

where the arguments are suppressed for brevity and ® stands for the convolution integrals over
momentum fractions and transverse intervals of the constituent quarks inside the hadrons.

2.3.4 Lattice QCD

Lattice QCD provides a method to calculate non-perturbative hadronic matrix elements from
the first principles of QCD [59]. It is a regularization of QCD on a four-dimensional hypercubic
lattice, which enables numerical simulation on the computer. Since the calculation is numerically
so demanding, one has to introduce several approximations in the calculation and these lead to
systematic uncertainties.

For more than a decade, lattice QCD has been applied to the calculation of matrix elements
relevant to B physics. The best-known quantity is the B meson leptonic decay constant fg,
for which the systematic uncertainty is now under control at the level of 10% accuracy. The
important tools to achieve this goal are the following.

o Effective theories for heavy quarks. Since the Compton wave-length of the b quark is
shorter than the lattice spacing a, the discretization error is out of control with the usual
lattice fermion action for relativistic particles. Instead, Heavy Quark Effective Theory
(HQET) [19] or Non-relativistic QCD (NRQCD) [60-62] is formulated on the lattice and
used to simulate the b quark. Another related effective theory is the so-called Fermilab
action [63,64], which covers the entire (light to heavy) mass regime with the same lattice
action. For the B meson, the next-to-leading (1/mg) order calculation provides < 5%
accuracy [65].

e Fjffective theories to describe discretization errors. The discretization effect can be ex-
pressed in terms of the Lagrangian language, i.e. Symanzik effective theory [66,67]. It
also provides a method to eliminate the error by adding irrelevant operators to the lat-
tice action. The O(a) error existing in the Wilson fermion action can be removed by
adding a dimension-five operator [68]. The cancellation of the O(a) error can also be done
non-perturbatively [69, 70], so that the remaining discretization error is O(a?) and not
O(aa).

o Renormalized perturbation theory. To relate the lattice operators to their continuum coun-
terparts, one has to rely on perturbation theory. For a long time lattice perturbation
had bad convergence behavior and the perturbative error was too large if one calculated
only the one-loop terms. This problem was cured by Lepage and Mackenzie by taking
a renormalized coupling constant as an expansion parameter [71]. Even better method
is the non-perturbative renormalization, which has been developed in some limited cases,
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e.g. the static quark self-energy [72] and the static-light current [73], and will become
more important in the future to improve the precision of the lattice calculation.

Lattice QCD calculations can be applied to several other important quantities:
e Bp. The B parameter in the BY B mixing has been calculated in the unquenched QCD.

o Heavy-to-heavy semileptonic decay. The zero recoil form factor of the semileptonic decay
B — D™y has been calculated rather precisely using a double-ratio technique.

e Heavy-to-light semileptonic decay. The B — wlv form factor has been calculated in the
quenched and unquenched QCD.

The relevant references can be found in the recent review [74].

2.4 CP violating processes

2.4.1 B — B mixing and time-dependent CP asymmetry

Neutral B meson mixings are one of the most important FCNC processes in B physics. In the
Standard Model, the B; — By mixing involves the CKM matrix element V;4 and thus gives a C' P-
violating amplitude, which induces a variety of C'P-violating observables through its quantum
mechanical interference with other amplitudes. The recently observed By — B, mixing is related
to |Vis|. Using this observation, the ratio |V;q/Vis| can be precisely extracted, since the hadronic
uncertainty largely cancels between By and By mesons.

A B® meson produced as an initial state may evolve into its antiparticle B’ through the
interaction given by the AB = 2 effective Hamiltonian (2.11). In quantum mechanics the state
|BY(t)) at time ¢ is a superposition of two states |B°) and |§0>. The time evolution is described
by a Shrodinger equation

i%|B(t)) - (M - %) IB(t)), (2.35)

where the two-by-two Hermitian matrices M and I' denote mass and decay matrices, respectively.
The diagonal parts are constrained from CPT invariance implying M3 = Moo and I'y; = g,
and the off-diagonal parts My (Ma1) and I'19/2 (I'91/2) are dispersive and absorptive parts of
the AB = 2 transition. The eigenstates of the matrix M — iI'/2 are given by

|Bi) = p|B% +4q/B"), (2.36)
1Bs) = p|B%) —q|B"), (2.37)

and their coefficients p and ¢ are obtained by solving

My —il't,/2
4_ 4 12 1o/

2.38
D My —il'12/2 (2:38)

together with the normalization condition |p|? + |g|?> = 1. The eigenvalues Mj o — il'; 2/2 are
related to observables as follows: the B meson mass M = (M; + Ms)/2, the B meson width

[ = (T'y + Iy)/2, the B — B mixing frequency AM = My — M, and the width difference
Al = Fl — FQ.
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In the B meson system there is a relation AI' < AM, which follows from I'1o < Mys. We
may then approximately obtain

I |2
AM = —2|Mp,| 1+O<‘i )] (2.39)
Mo
Ty ?
AT = 2|I'i2|cosC |14+ 0| |—— , (2.40)
Mo
and )
q | M 1| T2 . ‘FlQ
—=+4/—=|1—=|——|sin(+ 0| |— . 2.41
D Mo [ 2 | M2 ¢ Mo (2.41)

The angle ( is the C'P violating phase difference between Mi5 and I'1o

I T

= . 2.42
Mo Mo (242)

The time evolution of the state |B") and ]EO) produced at time ¢ = 0 is then given by

BY(t)) = g4(t)|B%) + ]%g_ (t)[B"). (2.43)
B°(t)) = g+(0)B") + gg_ (t)B°), (2.44)
with
gi(t) = e ME=TE/2 {cosh % cos % — isinh % sin Aé\éﬁf] , (2.45)
g_(t) = e Mi=Tt/2 {— sinh % cos AMt + icosh % sin Aft] . (2.46)

As the initial BY (or EO) state evolves, it oscillates between BY and B states with the frequency
AM. The CP-violating phase arises in the mixing parameter ¢/p, which carries the phase of
M5 as shown in (2.41).

Now, let us consider a decay of the B meson to a final state f. The decay rate I'(B°(t) — f)
is time dependent, since the decaying state is a time-dependent superposition of |B°) and |§0>7
as discussed in the previous section. We write the decay amplitude of flavor eigenstates as
Af = (f|B° and Ay = <f]§0>, and define a parameter

A
A= 144

_ _ 2.47
=04, (2.47)

If the final state is a C'P-eigenstate CP|f) = &f|f) with an eigenvalue &y = £1, then the time
dependent asymmetry

ap(t) = —— : ; ) (2.48)

becomes
ar(t) = Ay cos(AMt) 4+ Sysin(AMt), (2.49)
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neglecting the small width difference of the B meson. Here, the direct and indirect (or mixing-
induced) C' P asymmetries are written as

A -1
Ay = oL
! AP +1
2ImAy
Sy = ——. 2.50
PV (2:50)

Since the absolute value of ¢/p is approximately 1, direct C'P-violation |A¢| # 0 requires |A¢| #
|A¢|, which could happen if A is a sum of (more than one) decay amplitudes having different
C'P-phases. Indirect C'P-violation, on the other hand, arises from the quantum mechanical
interference between the mixing and decay amplitudes.

2.4.2 Measurement of sin2¢,

The mixing-induced asymmetry provides a variety of methods to measure the angles of the
Unitarity Triangle (Fig. 2.1). It was first proposed by Bigi, Carter, and Sanda in 1980-1981
[75-77], and gave strong motivation to construct the present KEK B Factory. The best known
example is the case where the final state is J/¢ K, whose quark level process is b — ¢cs followed
by the K° — K mixing. In the case where the decay is dominated by a single amplitude, the
ratio of decay amplitudes is given by

A WV ((VesVi
J/WKS __ (Vf‘/cs> < - Cd) , (251)
AjipK, ViVes ) \VEVea

where the minus sign appears due to the C'P odd final state J/¢ K. Together with the phase

in the mixing
7 ViV

P VaVy

(2.52)

the entire ratio Ay, becomes

ViVia Ve Vi VsV o
)\ — tb Ci cS cd — 21¢1 . 253
I oK (wm)(%%)<mm) ¢ (2:53)

Thus, one can precisely measure the angle ¢; from the time-dependent asymmetry

ay/pr, (t) = sin(2¢1) sin AMt. (2.54)

There exists an additional decay amplitude through the penguin diagram b — 3c¢, which involves
the CKM factor Vi;V;. Using the unitarity of the CKM matrix Vi V) = =V, Vi — ViV, the
weak phase of the penguin contribution is the same as that of the tree amplitude V.,V up to
a doubly Cabibbo-suppressed correction. Therefore, the relation (2.54) holds to an excellent
approximation (~ 1%), and the mode J/1¢Kj is called the “gold-plated” mode (for a review of
corrections to the relation see [78]). Other b — 5c¢ decay mode, such as B — J/¢y K, BY —
¥(25)Kg, etc., can also be used to measure sin 2¢;. The precision expected at SuperKEKB is

discussed in Section 5.6.
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Figure 2.6: sin 2¢; as measured through the b — 5¢g processes [80].

2.4.3 Other decay modes leading to sin 2¢,

There are other decay modes which develop the same weak phase. Namely, the penguin decays
b — §s3 are accompanied by the CKM factor VisVy;, just as the penguin contribution to b — 3ce.
Since there is no direct tree diagram for b — 553, measurement of the same angle sin 2¢; through
its time dependent asymmetry can be a probe of any new physics phase in the penguin loop
process [79]. At the hadron level, the corresponding modes are B® — ¢K, and BY — 0K,
B - KgKgKg, B" —» 1°Kg, B - pYKg, B" — wKg, etc. These asymmetries have already
been measured as summarized in Figure 2.6 [80], whose difference from the sin2¢; from b —
scc may suggest a hint of new physics contribution in the penguin diagram. The expected
sensitivity at SuperKEKB is studied in Section 5.2. Possible contaminations from the tree-level
process b — Tus with a rescattering of u@ to s3 may distort the measurement. However, these
contributions are expected to be small (O(A?) ~ 5%) [81], and a model independent bound
can be obtained using SU(3) relations provided that the related modes are observed at higher
luminosity B factories [82,83]. A theoretically clean measurement of weak phase in the penguin
modes can be obtained from three body B decays [84,85].

2.4.4 Measurement of ¢

If a decay can occur through more than one amplitude with different weak phases, the analysis
is more involved. As an example, we consider BY — 77—, whose decay amplitude can be
parametrized as

AB® = 77717 = Ty + Pry. (2.55)
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The first term represents an amplitude for the tree level W exchange process b — Tud, which
picks up the CKM matrix elements V,,4V,5;, while the second term is a penguin diagram contri-
bution b — du® containing the CKM factor ViqViy- If the penguin contribution can be neglected,
the ratio A\ +,- in (2.47) reads as

ViVid \ [ ViaVub ;
Apin— = | T2 ) ( ud ) =72, 2.56
" <thVt§ VuaVijy ( )

and the time-dependent asymmetry could be used to determine the angle ¢o. However, both
amplitudes in (2.55) are of the same order in A (~ A?), and the penguin contribution is not so
suppressed compared to the tree level contribution; the ratio of amplitudes |Pry/Trr| is roughly
estimated to be around 0.3 from B — K7 decays assuming the flavor SU(3) symmetry.

One solution to the problem is to consider the isospin symmetry [86]. The B — nm decay
amplitudes are written as

AB® - ntn7) = V2(Ay — Ay),
A(BY — 7%7%) = 24, + Ay,
ABT — 7m7%) = 34,. (2.57)

Ay and Ao are amplitudes for isospin 0 and 2 of two-pion final state, respectively. The tree
diagram contributes to both Ag and As, while the penguin diagram produces only isospin 0.
Then, one obtains a relation

A(B® — 7t17) + V2A(B° — 7%7%) = vV24(BT — 7 7Y). (2.58)
and its C'P conjugate
AB® - ntr7) + \/_A(B — 71979 = V2A(B~ — n~x0). (2.59)

By measuring the branching ratios of the three decay modes and the time dependent asymmetry
of 77~ one can determine the absolute values |Ag| and |As| and their relative phase difference
arg(ApA3), through a simple geometric reconstruction. This determines the angle ¢ up to a
four-fold ambiguity. The details of the analysis will be discussed in Section 5.7.1.

Another solution is to consider the isospin relations among B — pr decays [87]. There are
three possible decay chains B® — {p*7~, p°7% p~7"} — at7n~ 7. Together with their C'P-
conjugate amplitudes, there exist six different amplitudes, each of which has contributions from
both tree and penguin diagrams. By combining the time-dependent asymmetry of this process
in the Dalitz plot one may extract the pure tree amplitude, and thus the angle ¢o. For the
sensitivity study at Super-KEKB, see Section 5.7.2.

The B — pp channel can also be used to measure sin 2¢s, provided that the final state pp
is almost purely longitudinally polarized and thus a pure C' P-even state [88,89]. The sensitivity
study is presented in Section 5.7.3.

If there is non-negligible contribution from the electroweak penguin diagram, the isospin rela-
tions are violated, since up and down quarks have different charges [90]. However, such a contri-
bution is suppressed compared to the gluon penguin by a factor aueax (m?/m%)/as In(m? /m?) ~
0.1 [91]. At SuperKEKB, the actual size of the electroweak penguin amplitude can be estimated
from the analysis of K7 decays [91-95].

The prospects of measuring the angle ¢ at SuperKEKB using these various methods are
discussed in Section 5.7.
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2.4.5 Other indirect CP asymmetries

There are other opportunities to probe the CP asymmetry through the interference with the
neutral B meson mixing amplitude. An interesting example is the B® — K*?v decay, since it is
sensitive to new physics contributions. In the Standard Model, this process occurs through the
penguin diagram carrying the CKM factor Vi, V;, and thus leads to the measurement of sin 2¢;
as the b — 5s5 modes. Since the interference requires a helicity flip of the final state photon,
the asymmetry is expected to be small (of order of my/m;) in the Standard Model. (There
is an argument that the non-perturbative contribution may give a larger contribution of order
Aqcp/mp, though [96].) Therefore, if a large asymmetry is observed in this process, it implies
the effect of new physics. So far, the signal is consistent with zero within the error bar [97,98].
The sensitivity study for this and other related modes is given in Section 5.3.

2.4.6 Direct CP asymmetry

The CP asymmetry could occur even without the interference with the mixing amplitude if
there are more than one decay amplitudes that interfere among themselves. Such direct CP
asymmetry has been observed in B — 7w and B — K decays, for instance. In order to extract
the fundamental parameters of the underlying theory, one has to theoretically calculate several
different amplitudes (tree, penguin, electroweak penguin, etc.), including their phase shift or to
fit them to the experimental data. Having precise experimental data for various decay modes, it
is possible to extract some information on new physics contributions. For some recent analysis,
see, for example [93,94,99,100].

2.4.7 CP phases through D meson intermediate states

The angle ¢3 can be extracted by measuring the interference among different decay amplitudes
in B — Dm and DK decays.

Let us consider, for example, the interference between the decay modes B~ — DK~ and
B~ — DK~ [101-103]. The D°K~ mode involves a quark level process b — ciis, which is
of a tree topology, while DY K~ occurs through another tree-type process b — ués. Since the
CKM factor, especially its phase, is different among these two processes (VosV,5 and Vi, V),
the CP asymmetry may be observed if these two processes interfere. The angle ¢35 can then
be extracted. It could actually occur in the final state common to these two processes, such as
B~ — DK~ followed by D — K*7~ and B~ — DK~ followed by D° — K*x~ [104]. A
detailed analysis of this and other methods to measure the angle ¢3 is discussed in Section 5.8.1.

2.5 Other processes of interest

At the B factory experiment, there are many decay modes that can be used as a probe of new
physics, since the Standard Model contribution is suppressed due to the GIM mechanism. There
are other interesting processes even at the tree level, as they are sensitive to the small CKM
matrix elements (Viy and V) or to new physics contribution appearing at the tree level.

2.5.1 b — sv and related processes

Radiative decays B — X,y and Xyv are induced by the penguin diagram with a dominant
contribution from the top quark loop. The inclusive decay rate B — Xgv has been measured
precisely (to the level of 10%) [105,106]. Theoretically, this rate has been calculated within

26



the Standard Model to the O(a?) level [107], with which the remaining uncertainty is about
7%. From the experimental data, even the photon energy spectrum is measured, which provides
important information to extract the B meson shape function.

The exclusive rate for the K*+ mode has been measured more precisely, but its theoretical
calculation is much harder as it requires non-perturbative methods. Still, this mode plays an
important role to probe the CP violation with an interference with the B meson mixing.

The B — pvy contains a quark level process b — dvy, which involves the CKM element V4
in its dominant top quark loop. By considering a ratio B(B — pv)/B(B — K*v), the bulk of
the hadronic uncertainty cancels up to the SU(3) breaking effect and the ratio |V;q/Vis| can be
extracted. The B — pvy decay has already been measured experimentally [108,109], and the
sensitivity at the SuperKEKB is discussed in Sec. 5.3.3.

A related mode is B — K®¢t¢~. This process may contain different loop diagrams and
thus may have different sensitivity to the new physics. Furthermore, the angular distribution of
the final state lepton pair provides more detailed information on the structure of the low-energy
effective Hamiltonian [110,111]. In particular, the forward-backward asymmetry is sensitive to
a certain class of new physics contribution [112,113]. Although the decay rate is much lower
than b — sv, the exclusive modes and their asymmetry have already been measured [114,115].
The expected sensitivity at the SuperKEKB is discussed in Sec. 5.3.7.

With neutrinos in the final state, i.e. B — K® v, the possible new physics contribution
may enter with a different pattern. Experimental measurement of this decay mode is much more
difficult, since there are two neutrinos in the final state. So far, only the experimental upper
limit has been obtained [116].

2.5.2 Leptonic decays

The purely leptonic decays BT — ev, and BT — 7 v, are highly suppressed in the Standard
Model due to the wrong helicity leptons in the final state. Presently, only the tauonic mode
Bt — 77, is measurable, though the measurement involves difficult experimental technique
due to the two missing neutrinos [117,118]. The leptonic decay sets a constraint on the combi-
nation fé|Vub|2. Therefore, it serves as an experimental test of the lattice calculation, for which
the decay constant fp is one of the easiest quantity to calculate, once the CKM element |V;|
can be determined separately.

In the two Higgs doublet model, or in general in the supersymmetric models, the leptonic
decay contains a contribution from the tree-level charged Higgs exchange. It is enhanced when
tan 3 is large as ~ [1 —tan? 3(M%/M?.] [119,120] with tan 3 the ratio of two Higgs expectation
values and Mg+ the charged Higgs mass. Therefore, one can obtain a bound on the charged
Higgs mass from this decay mode.

2.5.3 B — DWrp

The semi-leptonic decay B — D® 7 also has a good sensitivity to the charged Higgs exchange
at the tree level [121-124]. It may therefore set a constraint on the charged Higgs mass, which is
a new physics effect. Although the branching ratio is large for this semi-leptonic decay, the final
state contains more than one missing neutrino and the experimental measurement is challenging.
This decay mode has been observed recently [125], and will become one of the most interesting
modes at the SuperKEKB, as discussed in Sec. 5.5.
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2.5.4 B — X v

The CKM element |V,;| can be determined through the quark level decay b — ufv. The
corresponding exclusive decay modes B — w/fD, plv have be measured using different tagging
techniques. The branching fraction of the B — wfP mode is now measured to a 10% level
[126-129], and the momentum transfer (¢?) dependence is also obtained. Model independent
theoretical calculation relies on lattice QCD and is thus limited to the high ¢? region. The
error in the lattice calculation is still rather large (~ 20-30%) [130,131], but improvements are
expected in the next several years.

Inclusive B — X, /v decay is used after cutting out the kinematical regime of much larger
B — X/ v. Such reduction of the phase space introduces complications in the theoretical
descritption as it is not completely inclusive. There are several strategies for kinematical cuts
that minimize the theoretical uncertainty while enhancing the experimental signal (see, for
example, [132-134]).

A detailed discussion of the |V,;| determination is given in Sec. 5.9.
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Chapter 3

Flavor Structure of the Physics
beyond the Standard Model

3.1 Motivation for New Physics

The Standard Model of elementary particles has been very successful in explaining a wide variety
of existing experimental data. It covers a range of phenomena from low energy (less than a GeV)
physics, such as kaon decays, to high energy (a few hundred GeV) processes involving real weak
gauge bosons (W and Z) and top quarks. There is, therefore, little doubt that the present
Standard Model is the correct theory to describe the physics below the energy scale of several
hundred GeV, which has been explored so far.

However, the Standard Model is not satisfactory as the theory of elementary particles beyond
the TeV energy scale. First of all, it does not explain the characteristic pattern of the mass
spectrum of quarks and leptons. The second generation quarks and leptons are several orders
of magnitude heavier than the corresponding first generation particles, and the third generation
is even heavier by another order of magnitude. The quark flavor mixing matrix — the CKM
matrix — also has a striking hierarchical structure, i.e. the diagonal terms are close to unity and
1>> 012 > 023 > 013, where 0;; denotes a mixing angle between the i-th and j-th generation.
The observation of neutrino oscillations implies that there is also a rich flavor structure in the
lepton sector. All of these masses and mixings are free parameters in the Standard Model, but
ideally they should be explained by higher scale theories.

The particles in the Standard Model acquire masses from the Higgs mechanism. The Higgs
potential itself is described by a scalar field theory, which contains a quadratic mass divergence.
This means that a Higgs mass of order 100 GeV is realized only after a huge cancellation between
the bare Higgs mass squared p3 and the quadratically divergent mass renormalization, both of
which are quantities of order A? where A is the cutoff scale. If A is of the order of the Planck
scale, then a cancellation of more than 30 orders of magnitude is required. This is often called
the hierarchy problem [1-3]. It would be highly unnatural if the Standard Model were the theory
valid at a very high energy scale, such as the Planck scale. Instead, the Standard Model should
be considered as an effective theory of some more fundamental theory, which most likely lies in
the TeV energy region.

C' P-violation is needed in order to produce the observed baryon number (or matter-antimatter)
asymmetry in the universe. In the Standard Model, the complex phase of the CKM matrix
provides the only source of C'P-violation!, but models of baryogenesis suggest that it is quanti-

The @ parameter in the QCD Lagrangian is another possible source of the C'P-violation, but its value has to
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tatively insufficient (for a review, see [4]). This is another motivation to consider new physics
models.

3.2 New physics scenarios

Several scenarios have been proposed for the physics beyond the Standard Model. They intro-
duce new particles, dynamics, symmetries or even extra-dimensions at the TeV energy scale.
In the supersymmetric (SUSY) scenarios, one introduces a new symmetry between bosons and
fermions, and a number of new particles that form supersymmetric pairs with the existing Stan-
dard Model particles. The quadratic divergence of the Higgs mass term then cancels out among
superpartners (for reviews, see [5,6]). Technicolor-type scenarios assume new strong dynamics
(like QCD) at the TeV scale so that the Higgs field is realized as a composite state of more funda-
mental particles (for a recent review, see [7]). The large extra space-time dimension models [8,9]
cure the problem by extending the number of spacetime dimensions beyond four (a recent review
can be found in [10]). In Little Higgs models the Higgs is a pseudo-Nambu-Goldstone boson,
and thus naturally light [11].

Flavor Changing Neutral Current (FCNC) processes, such as BY — B’ mixing and the b —
s7 transition, provide strong constraints on new physics models. If there is no suppression
mechanism for FCNC processes, such as the GIM mechanism in the Standard Model, the new
physics contribution can easily become too large to be consistent with the experimental data. In
fact, if one introduces a FCNC interaction through a higher dimensional operator, the associated
energy scale is typically of order 103 TeV, which is much higher than the expected scale of the
new physics (~ TeV). Therefore, one has to introduce some flavor structure in new physics
models.

3.3 Supersymmetric models

Supersymmetric (SUSY) models are an example of new physics models at the TeV scale. The
SUSY models are attractive not only because they solve the Higgs mass hierarchy problem. They
can also be consistent with Grand Unification [12,13], i.e. the renormalization group running of
the three gauge couplings is modified by the supersymmetric partners, causing them to intersect
at the same point at Mgyt ~ 106 GeV.

General SUSY models have a number of free parameters corresponding to the masses and
mixings of the superpartners for each Standard Model particle. Even in the minimal model —
the Minimal Supersymmetric Standard Model (MSSM) — the number is more than a hundred.
These mass and mixing parameters are, at least partially, governed by the soft supersymmetry
breaking mechanism, which is necessary to make the superpartners heavy enough such that
they are not detected at existing collider experiments. Therefore, to predict the mass spectrum
and flavor mixing of the SUSY particles one has to specify the details of the SUSY breaking
mechanism, which is tipically given at energy scales higher than the TeV scale.

The Minimal Supersymmetric Standard Model (MSSM) is a minimal supersymmetric exten-
sion of the Standard Model, containing a superpartner for each particle in the Standard Model
and two Higgs doublets. Its matter content is organized in terms of chiral super fields as

Qi(3,2,1/6), U;(3,1,—2/3), D;(3,1,1/3) (3.1)

be unnaturally small # < 107'° in order to be consistent with the neutron electron dipole moment experiment.
This is another problem — the strong C'P problem.
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for the left-handed (@) and right-handed (U and D) quark sector,
Li(1,2,-1/2), E;(1,1,1) (3.2)
for the left-handed (L) and right-handed (E) lepton sector, and
Hq(1,2,—-1/2), H»(1,2,1/2) (3.3)

for the Higgs fields. The representation (or charge) for the gauge group SU(3)cxSU(2), xU(1)y
is given in parentheses, and i (= 1, 2, or 3) is a generation index. Under the assumption of
R-parity conservation, which is required to avoid an unacceptably large proton decay rate, the
superpotential is written as

Wussm = Y DiQ; Hy + Y U,Q Ho + Vi E;LjHy + puH, Ho, (3.4)
where Yy and Yp are the quark Yukawa couplings. The soft supersymmetry breaking terms are
Lot = (M)l d; + (mp)igd!d; + ()il @y + (m)iele; + (m)islll;

+A2hI by + AZRShy — (Bphihs 4 hec.)
(A”qu]hl + AUu gjha + A TZNth + h.c.)

—i—%BB + —WW + %gg (3.5)
These consist of mass terms for scalar fields (g;, u;, JZ, l;, €i, h1, and hy), Higgs mixing terms,
trilinear scalar couplings, and gaugino (B W, and g) mass terms.

Flavor physics already places strong constraints on the possible structure of the SUSY break-
ing sector. Arbitrary terms would induce many flavor violating processes which are easily ruled
out by present experimental data. In order to comply with the requirement of highly suppressed
FCNC interactions, one has to introduce some structure in the soft SUSY breaking terms. Sev-
eral scenarios have been proposed.

e Universality (degeneracy). SUSY breaking terms have a universal flavor structure at very
high energy scale, such as the Planck scale (~ 10'® GeV) or the GUT scale (~ 1016 GeV).
It could also be a lower scale (~ 10*~% GeV). The universality comes from mediation of the
SUSY breaking effects by flavor-blind interactions, such as gravity (for a review of gravity
mediation see [5]), the Standard Model gauge interaction (gauge mediation [14-16], the
gaugino mediation [17-19]), or the super-Weyl anomaly (anomaly mediation [20,21]). Since
the soft SUSY breaking terms are flavor-blind, the squark masses are degenerate at the
high energy scale where those terms are generated. Flavor violating effects appear through
the renormalization group running of the squark masses to the low energy scale [22]. For
the gauge mediation scenario the effect on FCNC processes is extremely suppressed, since
the SUSY breaking scale is low and there is not enough room for the running.

o Alignment. Squark and slepton mass matrices could be diagonalized (no flavor changing
interaction) in the same basis as quarks and leptons, if one assumes some symmetries
involving different generations [23, 24]. Flavor violation is then suppressed and flavor
violating processes are induced by incomplete alignment. However, the alignment among
the left-handed squarks is inevitably violated due to the CKM mixing. Consequently,
either one of the s — d transition or the ¢ — u transition (or both) receive sizable SUSY
contributions, unless the degeneracy (described above) or the decoupling (described below)
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cooperate for the first and the second generations. Since the SUSY effect in the s — d
transition, such as K — K mixing, is already constrained experimentally, an alignment
model generally predicts a signal in the ¢ — u transition, namely the D — D mixing.

e Decoupling. The squarks and sleptons of the first and second generations are sufficiently
heavy, 10-100 TeV, so that flavor violation in the first and second generation is suppressed
[25-31]. In general such models predict large FCNC effects in the third generation, i.e.
the b quark and 7 lepton decays.

Signals for FCNC processes and C P-violation largely depend on the structure of the soft SUSY
breaking terms.

The Grand Unified Theory (GUT) [12,13] is one of the motivations for introducing supersym-
metry. Besides the unification of couplings, GUTSs also relate the Yukawa couplings of the quark
and lepton sectors. Since the particle content and symmetry are modified above the GUT scale,
they could generate different FCNC effects even if universal soft SUSY breaking is assumed.
GUTs also predict some correlation between quark and lepton flavor violation processes. Such
studies have been done by several authors [32-40].

3.4 Searching for SUSY effects in the b — s transitions

The b — s transitions are one of the most important channels to search for SUSY in B physics.
The largest effect comes from the penguin diagrams, thus their precise measurements may allow
us to reveal the effect of the SUSY particles propagating virtually in the loop. In this section, we
focus particularly on the time-dependent CP asymmetries in B — ¢Kg, B — 1’ Kg modes and
also in B — K™*vy mode, for which the Super B factory can improve the current experimental
limits significantly. A few years ago, a possible large new physics effect has been announced by
the Belle and Babar collaborations in the measurements of the time-dependent CP asymmetry
of B — ¢Kg and B — 1’ Kg modes. Various theoretical models beyond SM have been tested
in details through this phenomena [32-40]. The Super B factory will allow further scrutiny of
the possible SUSY contributions to these observables. In this section, we discuss the impact of
the Super B measurements on the SUSY models and also discuss the complementarity of the
By oscillation measurement, which has recently been done by Tevatron and will be improved by
the LHCb in near future.

The time-dependent CP asymmetries in B — ¢Kg,n' Kg are expected to be very similar to
the one in B — J/¢¥Kg in SM: the B — B oscillation part is exactly the same and the decay
parts (penguin diagram for the former and tree diagram for the later) do not contain any CP
violating phase. Thus, in SM,

Sijpks = SeKsKs - (3.6)

Once we introduce SUSY contributions, this relation can change. The decay amplitude of
B — J/1Kg is mainly due to the tree level diagram which does not change. On the other hand,
the decay of B — ¢Kg,n' Kg comes dominantly from the loop level diagram, so it may receive
an extra CP violating contribution from SUSY particles running in the loop. In this section we
discuss how large the departure from S;/x  can be in the SUSY models.

Another interesting process to search for SUSY effect is the time-dependent CP asymmetries
in B — K*y (where K* decays to a CP eigenstate, e.g. Kgm’ or K;7°). In this case, since
the photon can have two chiralities (L and R), there are four different amplitudes (f7,z|B") =

Ap/r and (fL/R|§0> = ZL/R where fr p = K%y g. In SM, these decay amplitudes do not
contain the CP violating phase and more importantly, there is a well-known chiral suppression
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|AL/AL| = |AR/AR| ~ ms/my. As a result, the mixing induced CP asymmetry is expected to

be very small

Spgntn ~ —22in2¢;  in SM (3.7)
my

The suppression factor ms/m; comes from the fact that the quark level diagram for b — sy

originates from the left-handed coupling of W and quarks?. However, if the loop contains a

right-handed coupling SUSY contribution, this suppression can be avoided and Sp_, g0, can

become large.

3.4.1 Hadronic uncertainties in the SM predictions

In order to search for a small SUSY contribution it is essential to have a good understanding
of the theoretical uncertainties in the SM predictions. In this sub-section, we overview the SM
prediction for ASy = (—&7)Sy¢ — sin(2¢1) where f represents the penguin-dominant final states,
¢,1',n,m°, p°,w (more details can be found in [41-43]). Note that we take S,y i = sin(2¢1) for
simplicity since the discrepancy between the two are theoretically found to be minor [44,45]. We
show in Figure 3.1 the theoretical calculations for AS; done by using several approaches. Both
PQCD [46,47] and QCDF [48,49] predict positive deviations for most of the decay modes except
for the B — p°Kg decay. The sign and sizes of AS ¢ can be understood from the following
approximate relation,

U

at, —a
AS; ~ 2X2\/p? + 12 Re (a{ a£> cos(2¢1) sin ¢3, (3.8)
o uf

where we parameterized the BY — f decay amplitude as A F= VJqusa? + VJ,VCSG(} + t’thSa?.
In the case of dominant penguin contribution in al}, we have a positive and small (~ 0.02)
deviation. However, a sizable color-suppressed-tree amplitude C' contributing to a? could change
this naive expectation. For the BY — nKg, 7°Kg and wKg modes, the effect of C' is constructive,
whereas it is destructive for p’ Kg. Therefore, the former decay modes exhibit positive and larger
deviations compared to ¢Kg, while ' Kg has a negative deviation. The model for long-distance
(LD) rescattering suggests that the effects on Sy are minor except for p°Kg and wKg [50].
Including the LD effects in QCDF approach, AS o, turns out to be positive. We conclude
that the $Kg and 1’ Ks modes are theoretically very clean in all of the available estimations,
including SCET [51].

All the above approaches are based on factorization of decay amplitudes and perturbative
expansions. There exists a somewhat complementary approach based on SU(3) flavor symmetry.
Using the SU(3) relations, one can obtain a conservative bound on AS; from the measured
decay rates of the related b — d modes [52]. In general, the bounds are much weaker than the
factorization-based methods, although they may improve significantly with future data [52-57].
Note that the sign of AS is not determined by the SU(3) method.

3.4.2 Mass insertion approximation for SUSY contributions

As discussed in the previous section, the soft SUSY breaking terms which provide a new source
of flavour and CP violation contain a huge number of free parameters. In order to organize them,
we employ the so-called mass insertion approximation (MIA) [22]. In the MIA, one adopts a
basis where the fermion and sfermion mass matrices are rotated in the same way to diagonalize

2There are also QCD loop contributions leading to additional Aqcp/me term.
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Figure 3.1: AS; in PQCD (blue and crosshatched), QCDF (red and solid) and QCDF+LD
(black and hatched).
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the fermion mass matrix (the super-CKM basis). In this basis, the couplings of fermions and
sfermions to neutral gauginos are flavor diagonal, leaving all the sources of flavor violation in
the off-diagonal terms of the sfermion mass matrix. These terms are denoted by (A% 5);;, where
A, B denote the chirality (L, R) and ¢ indicates the (u,d) type. The sfermion propagator can
then be expanded as

i0; i(A%p)ij
(k2 — m2)2

(Gaidp;) = i(K*1 —m*1 — A% )t ~

ij k2 — m2 T

(3.9)
where 1 is the unit matrix and 7 is the average squark mass. In this way, the flavour violation
in SUSY models, such as the SUSY GUT models, can be parameterized in a model independent
way by the dimensionless parameters (6% 5)i; = (A% )i;/m?. In the following, we keep only the
first term of this expansion.

The mass insertion parameters (6% );; are constrained by various flavour experiments such
as K physics, electric-dipole-moment, as well as lepton flavour violation experiments which are
to be discussed in Section 3.6. We summarize the current constraints in Table 3.1.

(6% 5)i5] AB = LL/RR AB = LR/RL

q ‘ i Re. part ‘ Im. part | Re. part ‘ Im. part
d| 11 - - <103 | <10°°
wl| 11 - - - <1076
d| 12 <1072 | <102 | <1073 | <107
w| 12 <1072 — <1072 —

d| 13 <107t | <107t | <1072 | <107t

Table 3.1: The constraints on the the mass insertions involving the first generation. Here,
we consider only the gluino contributions with the SUSY masses mz = mg = 500 GeV. The
imaginary part of ¢j = 11 element is constrained by the electric-dipole-moment [58-62]. The
real and imaginary part of the down-type ij = 12 element is constrained by the K — K mixing
parameter, AMg and e, respectively [58,63]. The real part of the up-type ij = 12 element
is constrained by AMp [58,64]. Finally, the real and imaginary part of the down-type ij = 13
element is constrained by AMp, and sin 2¢;, respectively [58,65].

The mass insertion relevant to the subject of this section, (5% )23, is also constrained, in
particular, by the branching ratio measurement of the B — X v process and also the B, — B,
oscillation measurement. In the following we present the allowed range of the CP violation in
B — ¢Kg, B — 1'Kg and also in B — K*v mode using those constraints.

3.4.3 Effective Hamiltonian for the SUSY contributions

The effective Hamiltonian describing the SUSY contribution of b — sv is given as:

_ G ~ =
AB= F *
Het'— = —ﬁthVts [C’YO’Y + 0, (3.10)
with e -
O,y = —871'2 mbgaU“VRbBFM,,, O,y = —871'2 mbgaO'“VLbBFM,,, (3-11)

where L = (1 —75) and R = (1 + v5). Here we consider the dominant gluino contribution to
the Wilson coefficient (chargino and Higgsino become important in the large tan 4 limit, which
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we discuss in Section 3.4.6). Then, the Wilson coefficient is written in terms of the down-type
mass insertion as:

\/§as7r

Cd (Mg) = ——Y=50
mg 8 8 mg 8
(s TSI o) + () (30000 + G M) )| (312

where my is the gluino mass, mg the squark mass, x = mg / m%, and the loop functions M;_4 and
Mg can be found in Ref. [58,66]3. In the SM, this Wilson coefficient is relatively suppressed
because the chirality flip on the external b and s fields requires a suppression factor of mj. In
SUSY models with large LR/RL mixing the factor my, is replaced by the internal gluino mass as
can be seen in the first term in the square brackets. The last term comes from the double-mass-
insertion diagrams with (6¢ 5)s3 = (A% (hY) —mpptan 3)/ mg, where the first trilinear term is sub
dominant and can be neglected. In general, the double-mass insertion term becomes important
for large tan 3. However, for b — sv transition, it becomes significant even for a moderate value
of tan § (starting from ptan 3 ~ 1 TeV) due to the factor mg/my. The current experimental
data on this process [67]

B(B — X¢v) = (3.55 +0.26) x 1074, (3.13)

can be compared to the recent NLLO SM prediction B(B — X¢7) = (3.1540.23) x 10~%. Since
the difference between these two values is not very large, this measurement leads to a severe
constraint on the mass insertion parameter (5% )23 as we will show in the following.

W b, 9 s b, 9 s
B\\ . 5\ /I§
b, uct D s X 8 b e
575 STb
g Y g
s s s . . S s . S
(a) (b) ()

Figure 3.2: The SM contribution (a) and the gluino-down squark contributions (b)—(f) to the
b — s3s transition. The cross represents the mass insertions (6% ;)a3.

3M,(x) and My(x) correspond to Mi(x) and Ma(x) in Ref. [66], respectively.
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Let us now switch to b — s§s transitions; the effective Hamiltonian can be expressed as

Had =" = ——thvts Zoo +Cy0, + Z +Cy0y| , (3.14)

=3 =3

with
O3 = Ea’}/‘uLbQEQ’}/‘uLSB, (315)
0O, = Ea’}/‘unggg’y‘uLSa, (316)
Os = Ea’}/‘uLbQEQ’}/‘uRSB, (317)
O = Ea'y“ngggfy“Rsa, (318)
A

_ Gs v 043 A

O, = ﬁmbsaau R—=bsG (3.19)

where L = (1 —75) and R = (1 + 75). The terms with a tilde are obtained from C; 4 and O; 4
by exchanging L < R. We consider the dominant gluino contribution to the Wilson coefficient
and postpone the discussion of large tan 8 where chargino and Higgsino become important to
Section 3.4.6. The Wilson coefficients for the gluino contributions that come from the penguin
diagrams (see Figure 3.2) were computed in [58]. The dominant contribution to b — s5s decays
turns out to arise from the Wilson coefficient of the chromo-magnetic operator which is very
similar to the C.:

G V2asm d mg (1
(M = _—__v==st (s 9 M +3M 2
Cg( s) 2G ViV g (6Lr)23 me <3 1(z) +3 2@)) (3.20)

(5, )ag K%Mg(x) 4 3M4(x)> + (O )2 (%Ma(x) + 3Mb(x)>] }

3.4.4 SUSY contributions to Syx vk

In order to see how the SUSY contribution can cause Syk Ky to deviate from S JJK g let
us first derive the general formulae for the time-dependent CP asymmetry including the SUSY
effect. By parameterizing the decay amplitudes of these channels (f|B°) = A and (f ]§0> =A
(f = 6Kg,n Kg) for SM and SUSY as:

— | ASM] i ASUSY _ | gSUSY |i0%USY iaSUsY 3.21)

_ ’ASM’eZ(;sM’ ZSUSY _ ’ZSUSY|6_Z-QSUSY€Z-(SSUSY’ (3.22)

§SM(SUSY)

where is the strong (C'P-conserving) phase and #5Y5Y is the weak (CP-violating)

phase, the mixing induced CP asymmetry for B — ¢Kg,n' Kg can be written as

SUSY SUSY |\ 2
sin 2¢7 + 2 (%) cos 812 sin(65USY + 241) + (%) sin(205U5Y 4 2¢)
Sy = , (3.23)
| ASUSY

2
1 + 2 (WM") COS 612 coSs QSUSY + (L‘AZISJI\S/I\‘(')

where 012 = dgm — dsusy. Recalling Sj/yxg =~ sin2¢;, one can see that Sy # S/ k¢ Tequires
not only non-zero |ASUSY|/|ASM| but also non-zero CP violating phase #5U5Y = 0 as we naively
expect.

45



0.017

0.005+

Im(éjlu)%

—0.005}
B — X,
—o.oﬁg " XS7 : : ‘ -0.01L i ‘ : ‘
—001 -0.005 0 0005 001 —-0.01 -0.005 (31 0.005 0.01
R6(5%R)23 Re(dRL)Qg
(a) (b)
0.01F
iit—]
|
0.005} -
3
=
=
S
~
—0.005+
ool i
-1 sost3sEinsrasatsssesss 001 —0.005 0 0005 001
-1 -05 dO 0.5 1 Re(é?{L)gg
Re(07 1 /rR)23 W
(c)
1 1
ptan B = 2.5 TeV III = ptan B = 2.5 TeV III =

Im(é%R)%

B —>Xsfy it

-1 ‘ = ‘
-1 -05 0 0.5 1
Re(0%g)23

(f)

Figure 3.3: Constraints on the down-type ij = 23 elements of the mass insertion expected
from ASyk 4 Ky measurements. Each coloured band represents a £0.1 error which is roughly
the Super B factory sensitivity with 5 ab™!. The colour indicates (I) 0 < ASy < 0.1, (II)
—0.1 < AS; <0, (IIT) =0.2 < ASy < —0.1, (IV) —=0.3 < ASy < —0.2. The current experimental
bounds, ASyxy = —0.23 £0.18 and AS,yx, = —0.08 £ 0.07, are shown in the black lines. The
patched area is excluded by the By — Xy branching ratio measurements. Figure (a) and (b)
show the constraints from ASyx together with B — Xy for the LR and RL mass insertions.
The asymmetric constraint from B — X7 for the LR case occurs due to the interference between
SM and SUSY. The constraint on the LR mass insertion from AS,y ¢ is approximately the same
as (a) while for the RL mass insertion, the chirality difference results in the 180° rotation as
shown in Figure (d). In general, the LL/RR mass insertions are not strongly constrained neither
from By — Xy nor ASyk g ks as shown in Figure (c). However, for the case of relatively large
ptan 3, the double-mass-insertion effect enhances the LL/RR term and leads to a very strong
constraint (see (e) and (f)).
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Now let us focus on the B — ¢Kg. We first derive the SUSY to SM amplitude ratio in terms
of the mass insertion parameters. The numerical result for the ratio of the SM to the SUSY
amplitude for myz ~ mgz = 500 GeV is as follows [68]

ASUSY(gf)KS)

ARy (0.14 4 0.020)[(6%} a3 + (6% 5 )23] + (65 + 114)[(6% 2 )23 + (6% )23]

— (26.5 — 4.40)[(67 1,)23(67 r)33 + (0% )23(0%er )33]. - (3.24)

For computing the matrix element, < ¢Kg|O;4|B >, we applied the naive factorization ap-
proximation®. The tiny imaginary parts in (3.24) are the strong phases coming from the QCD
correction terms in the effective Wilson coefficient in [71]. Note that in the following, we con-
sider a class of models in which only one mass insertion, LL, RR, LR or RL, dominates and the
others are all negligible.

The resulting constraints on the real and imaginary parts of the mass insertions (5% p)ij that
we will obtain from the future measurement of ASy (coloured bands) together with the constraint
from B — X,y (patched area) are shown in Figure 3.3. Let us first look at the constraint from
the B — Xgv. The results for single mass insertions (and small tan 3) are shown in Figure
3.3 (a) - (c). We can see that the LR/RL mass insertions are strongly constrained (see Figure
3.3 (a) and (b)) whereas LL/RR are not (see Figure 3.3 (¢)). This tendency comes from the
chiral enhancement factor mg/my for the LR/RL mass insertions term discussed previously.
The interference between the SM and SUSY contributions for the LR mass insertion results
in the narrow asymmetric bound. Now let us analyse the constraint from AS. Each coloured
band represents a 0.1 error which is the sensitivity that can be surpassed at the Super B factory
already with 5 ab™! (for sensitivity estimates see Sect. 5.2). The colours indicate

I: 0<AS; <01,

Ir:  —-01<ASr<0,
I:  —-02<AS;<—0.1,
IvV: —0.3 < ASy < —0.2. (3.25)

We can see from Figure 3.3 (a) and (b) that the future experiments which will measure ASyx
with the accuracy at a few % level will provide further constraints on the L R/RL mass insertions,
in particular on its imaginary part. On the contrary, Figure 3.3 (c¢) shows that the LL/RR mass
insertions will be constrained only mildly by the ASyk measurement.

Now let us consider the double-mass-insertion term. Resulting constraints on LL/RR mass
insertions with ptan 8 = 2.5 TeV are shown in Figure 3.3 (e) and (f), respectively. In this
case we obtained much stricter constraints compared to Figure 3.3 (c¢) both from B — X,y and
AS¢KS' _

Next we discuss B — 1'Kg. The ' meson is known to be composed of uu, dd and ss
accompanied by a small amount of other particles such as gluonium and c¢ etc. . Apart from
such exotic components, the B — 1 Kg process comes from the two penguin diagrams b — s3s

4We show our numerical result with the SM input parameters fixed to have a simple illustration of the SUSY
contribution effects. The matrix element of B — ¢Kgs can also be computed using more recent methods: the
QCD factorization and the pQCD approach method. Application of these to analyse the SUSY effect on Sgx g
can be found in [38,69] for the former and in [70] for the latter.

5We do not consider contributions from exotic components here. However, since an unexpectedly large branch-
ing ratio is observed in the B — 1’ K processes, possible large contributions cannot be excluded completely. The
gluonium contributions to B — 1’ Ks including the possibility that SUSY effects also enhance the branching ratio
of B — n'K are discussed in [72].
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and b — ddd, and the Cabibbo suppressed tree diagram. The tree contribution is estimated to
be less than 1%. Thus the Sy in B — n/Kg and B — ¢Kg are approximately the same apart
from the parity of the final states. The numerical result for the ratio of the SM to the SUSY
amplitude is obtained as [72]:

SUSY ./
Tl = (045 + 00300 s — (Ol + (00 + 1203 s — (O sl

(3.26)

for mg ~ mg = 500 GeV. As expected, the result is very similar to the one for B — ¢Kg in (3.24)
except for the overall signs of the RR and RL mass insertions. Therefore, the constraints on the
LR/LL mass insertions are approximately the same as for AS,x given in Figure 3.3 (a) and (c)
while the constraints on the RL and RR mass insertions get rotated by 180° (see Figure 3.3 (d) for
an example of the RL constraint). Therefore, if the future experiment confirms Syx # Sy ks,
that would require a SUSY contribution with right-handed mass insertion (5?%1% /L )23

Before closing this section, it is interesting to discuss the complementarity with the other
important b — s transition, the By — B, mixing. In 2006, CDF has obtained the first evidence
for the Bj oscillation [73]:

AMp, = 17.77 + 0.10(stat.) + 0.07(syst.) ps~* (3.27)

More recently, CDF and DO have announced their first results on the CP violating phase (;
through the B — J/1¢ channel [74,75]. The HFAG average is®:

B =220 T (3.28)

The theoretical prediction for the first result AMp, suffers from a large theoretical uncertainty
mainly coming from the bag parameter and the decay constant. The measured value can be
explained by the SM within 20% theoretical uncertainty. On the other hand, the measurement
of the CP violating phase s came as a surprise. In the SM, the B; box diagrams contain only
a small CP violating phase, 3; >~ 2°, so that the observed value is about 20 away from the SM.

A discussion of the impact of this new measurement on the mass insertion parameter is
in order. The gluino contribution to the ratio of the SUSY contribution to the SM one for
mg =~ mg = 500 GeV is given by [78]:

SUSY
My,
SM
M,

= 144 [ (053, + (0% )hr| + 2757 [(085)F 0 + (05
—44.76 [(533)LR(533)RL} —175.79 [(533)LL(533)RR} . (3.29)

Note AMp, = 2|Mj2|. Taking into account the constraints from B — X,y (see Fig. 3.3) ,
we can find that the maximum contribution from LR or RL dominated models leads to only a
negligible effect of O(1073), whereas LL or RR dominated models can give a O(1) contribution
which leads to very strong constraints on these mass insertions. The resulting constraint on
the real and imaginary parts of the LL/RR mass insertion is shown in Figure 3.4. The patched
region is excluded by the AMp, measurements of Tevatron. In Figure 3.4 (a) and (b), we include
the previous result on ASy (coloured bounds), with and without the double-mass-insertion term,
respectively (i.e. Figure 3.3 (¢) and (e, f)). One can see that the real part of the LL/RR mass

6 Averaging the results from CDF and DO is performed also in [76,77] where resulting errors are slightly smaller.
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Figure 3.4: Figure (a) exhibits the constraints on the LL/RR mass insertion obtained by the
current experimental data on AMp, (patched area) together with the previously obtained AS
constraint (see also the caption of Figure 3.3 (c)). Figure (b) is in the case of moderate tan (3
scenario (see the caption of Figure 3.3 (e, f) for details). In Figure (c), we further overlap the
recent measurement of the CP violating phase of the B, oscillation. We can see that the current
experimental value (see Eq. (3.28)) requires a large imaginary part in (6%3) 7z, /RR-
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insertion is nicely constrained by AMp_ while we need AS; in order to determine the imaginary
part. In Figure 3.4 (c), we further overlay the constraint from the new CP phase measurement of
Eq. (3.28). Although the experimental errors are still very large there is a tendency in the current
experimental data to require a very large imaginary part of (533) r1/rR- 1f the experimental data
on By — B, mixing is confirmed at the future LHCb experiment, SUSY models with (643)71, /RR
will lead to a 10-20% deviation between Syx gy and Sj/yk, as implied by Fig. 3.4.

3.4.5 SUSY contributions to Sp_, k0,

The time-dependent CP asymmetry of B — K*v, Sp_ i+, is an interesting observable a precise
measurement of which will become available at the Super B factory. The SM predicts a very
small Sp_+y as given in Eq. (3.7). Let us first derive general formulae for the CP asymmetry
including the SUSY contributions. A crucial point is to separate the two photon polarizations
and to write the decay amplitude in terms of (f7/g|B") = Ap g and (fL/R]§0> = Ap/p where
fr and fg represent f;, = Ksm'yr, fr = Ksm’yg. Then, the time-dependent CP asymmetry
for B — Ksm'v can be written as:

2Im |{(A} AL + ARAR)
Sk ant = — _
Ko ™ JALR + [ArP + [ALP + [AR[?

(3.30)

As can be seen from this expression, a non-zero CP asymmetry in this mode occurs when there
is an interference between left- and right-handed amplitude”. In order to see the source of the
right-handed contribution, let us write the SM and SUSY contributions separately:

A = AP AGUSY 0T 07 (3.31)
Ap = APy ASUSY em iR 0 (3.32)
A = AN AJUSY R (870 (3.33)
Ap = AP 4 AJUSY 0L (i (3.34)

where we factored out the CP violating phase of the SUSY amplitudes, (9%[/}189’. In SM, the
right-handed part is suppressed by the factor ms/my compared to the left-handed one, thus we
neglect the right-handed amplitude A%M /A%M ~ 0 (the theoretical uncertainty in this argument
is discussed for example in [79-82]). For the SUSY amplitude, the A?USY comes mainly from O:‘z
and A$'SY from O~§; The former contribution (which comes from non-zero (643)r.r1,, (0%) 1 r mass
insertion) itself can not yield an extra contribution to S 0., and (693) rr and/or (0%;) gz, mass
insertion is necessary to have a deviation from the SM relation in Eq. (3.7). By assuming SUSY
models in which the mass insertions (643)gr and/or (643)rz are non-zero, we have AFUSY ~
ASUSY ~ 0 and Eq. (3.30) can be simplified as:

A5 /M
14 ’A%USY/A%MP

Skignoy 2 —2 sin(2¢; — 0375Y — 619) (3.35)

where 015 is the strong phase difference between SM and SUSY amplitude.

"Here, the left-handed amplitudes correspond to the quark level process br — Sryr and br — sryr while the
right-handed amplitudes correspond to br — 5ryr and by, — SrYR.
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Figure 3.5: The SUSY contribution to the time-dependent CP asymmetry of B — Kgn¥y is
shown as black lines labeled with the value of Sk 0, in red. The interval of the lines represents
a £0.1 uncertainty which can be easily achieved by the Super B factory. Note that the current
experimental bound is Sk 0, = —0.154:0.20 (we show our result in a range allowed by including
3o error). In Figure (a) and (b), we overlap the results for AS; (colored band) and B — X,y
(patched region) (i.e. Figure 3.3 (b) and (c), respectively). We can see that the future precise
measurement of Sg o, together with Syx¢ g Will allow us to pin down both the real and
imaginary parts of the mass insertions (6%; )23 and also (6%45)23. In Figure (c), we show the
result for a moderate tan 8 scenario on top of the previous result on the RR constraint from
ASy (colored band) and AMp, 3, (patched region) (see also the caption of Figure 3.4 (c)). If
the recent results on the CP violating phase in B; oscillation are confirmed (see Eq. 3.28), we
can see that Sp_ g ¢r0, can reach -0.5, which will be observed as a clear signal of new physics
at Super B factory.
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The dominant gluino contribution comes from the electro-magnetic operator O~7 whose Wil-
son coefficient is given in Eq. 3.12. With mg ~ mz = 500 GeV, we find

ASUSY (KSTFO’Y)
ASM (Ksﬂ.ofy)

~ (0.28 + 0.00573) (0% )23 + (134 + 2.74) (6%, )23 + (80 + 1.60) (6%, )33(8% )25

(3.36)
In Figure 3.5 (a) and (b), we show the SUSY contribution to the time-dependent CP asym-
metry (black lines labeled with the value of Sp_ k0, in red). The line intervals represent
a 0.1 accuracy which can be achieved by the Super B factory with 5 ab™!. Detailed esti-
mates of the sensitivities are given in Sect. 5.3. Note that the current experimental bound is
Skgroy = —0.15 4+ 0.20 (we show a range allowed by including 30 error). We can see that the
future precise measurement of Sk g0, will constrain (6%5)23 and (8%, )23 mass insertions in a
very narrow band going roughly in the diagonal direction (this direction comes from the ¢; term
in Eq. (3.35)). Both the real and imaginary parts of the mass insertions can be constrained by
combining the bounds from ASyx g /i
In Figure 3.5 (c), we show the result of S K ¢n0 for the moderate tan (3 scenario on top of the
previous result on the RR constraint from ASy (colored band) and AMp,_ /B (patched region)
(see also the caption of Figure 3.4 (c)). It is interesting to note that the current experimental
bound on Sp_, k0, excludes one of the allowed region for AMp, in the positive [ m(0%5)23. In
the other allowed region Sp_, k0 can reach -0.5, which would be a clear signal of new physics
at Super B factory.

3.4.6 SUSY models beyond leading logarithm (large tan  scenarios)

We have so far discussed the MIA parameters at tree level, however, subtlety arises once we
include higher order corrections in the quark mass. The superpotential in exact supersymmetry
is not renormalized by radiative correction. Renormalization of the canonical Yukawa coupling
is purely a consequence of the wave function renormalization due to the corrections in the Kéhler
potential. However, this is not true once we include the soft SUSY breaking terms. Corrections
to the original Yukawa coupling which are not multiplicative arise due to the SUSY breaking
and they distort original flavor structure in the superpotential. This leads to corrections in the
quark mass matrices as,

(0)

mgqg = my +omg = diag(mg,ms,my), (3.37)
My = m&o) + 0my, = diag (my, me, my) . (3.38)

(0)

Here, m,, are the tree level mass and dmg, are correction from the SUSY breaking effect.

Note that dmg, are in general not diagonal in the physical super-CKM basis® and therefore
(0)

m,,, are also not diagonal. The F-term contribution related by supersymmetry to the Yukawa

coupling in the superpotential and the quark mass should be replaced by mg)i. Yukawa coupling

(0)

which appears in the Higgs or higgsino vertices also need to be estimated using m, and not
the diagonal masses in the physical super-CKM basis. This introduces new sources of flavor
mixing which do not appear at tree level. Formally these corrections are classified as part of a
correction at the next-to-leading logarithm order (NLLO) in estimates of purely loop induced
processes like b — sy, whose completion requires to include various two loop self energy and

8The basis using here is not the same as the ones applied in the previous sections. The detailed definition of
the so-called physical super-CKM basis can be found in [83-87].
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vertex corrections. However, these corrections beyond leading logarithmic order (BLLO) are
enhanced by tan § and the SUSY breaking trilinear coupling which is not the case for the higher
loop corrections.

In the following, we discuss the constraints including the BLLO correction to the flavour
observables. As described above these contributions are particularly important for large tan (3,
conversely, the value of tan 8 can be constrained by these flavour observables. Figure 3.6 shows
tan 8 dependence of the FCNC constraints on single insertion of (0%, )23 and (6%p)23. For the
SUSY mass parameters, we choose mg = mgz = 1 TeV and u = —A; = 500 GeV and m = 500
GeV. For the other gaugino masses, the GUT relation is assumed.

In Fig. 3.6, the yellow regions are excluded due to the upper bound on B(B — X,v).
Different from the analyses in the previous sections, the MFV contributions to (. , involving
charged Higgs or chargino are significant in large tan 8 scenarios. The former always add up
to the SM contribution, while the latter interfere either constructively (1 < 0) or destructively
(> 0) with it, which determines the base line of B(B — Xv) at %’s =0 for given SUSY
mass parameters. In Fig 3.6 we choose u > 0 which is favored by the anomaly in muon g — 2
experiment at present. The pattern of the gluino contributions which comes from the 6dAB
mass insertions was already discussed in the previous sections. It should be noted that for the
AB = LL mass insertion, ¢, and §%; are not independent variables due to the SU(2) symmetry
and (5%L also generates the chargino contribution on top of the MFV effect. Most important
feature of having the BLLO correction is the partial cancellation between the gluino (LLO and
BLLO) and chargino (BLLO) contribution for large tan 8 and > 0. This focusing effect [83-86]
is responsible for the unusual relaxation of the constraint at large tan 8 in Fig. 3.6. For 5% ;, this
effect is undermined by the LLO chargino contribution induced by 67 .

Next, we discuss the constraint on the intermediate tan 8 region, where as can be seen in
Figure 3.6, the B; — ptu~ process (orange) and the Bj oscillation parameter AMp, (red)
provide strong constraints. The current upper bound for By, — p*pu~ is given by,

B(Bs — ptp~) <8 x 1078, (3.39)

at 90% confidence level. The SM prediction is extremely small due to the chiral suppression
factor (m,/mp,)*:
B(Bs — pTp™) = (3.46 + 1.5) x 1077, (3.40)

In the SUSY scenario, this suppression can be compensated by a large tan 5. In particular,
the Higgs mediated contribution can generate Wilson coefficients of scalar and pseudo scalar
operators in which chirality flip is enhanced by tan® 3. Their contributions to B(Bs — u*u™)
are thus proportional to tan® 3. The Higgs mediated contributions to By — utpu~ are quite
interesting because they do not decouple in the heavy superpartner limit as long as the Higgs
sector remains light. This MFV contribution determines the base line of B(B; — ptp™) at §%’s
=0 in Figure 3.6. The present bound does not impose any constraint on tan 3 for the given mass
parameters. Once we turn on the MIA parameters, gluino loop diagram also starts to contribute
to the non holomorphic Yukawa coupling. The current bound on B(Bs; — utu™) excludes
considerable part of intermediate tan 3 region with 5%& ry. for which the BLLO B(B — X;v) is
not sensitive. As future projection, we also plot a curve for B(Bs — u™pu~) = 5 x 1072 which is
just above the SM prediction. The process is quite sensitive to tan 3, while it has relatively mild
dependence on 6%’s. Therefore it is rather suitable to use for determining tan /3 by combining
with other processes sensitive to §%’s.

The SUSY contribution to AMp, emerges from the box diagrams and the double Higgs
penguin diagram. The MFV contribution, which determines the base line at §%’s = 0, comes
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from W boson, charged Higgs and chargino diagrams. The gluino diagram gives dominant
contribution for finite %’s. The double Higgs penguin diagram exchanges neutral Higgs bosons
between the two Higgs FCNC vertices. Thus it is enhanced by tan* 3 and dominates the process
at large tan 8. Among three choices for external quark chirality, only (5p.br)(Sgbr) is allowed.
Thus in the MFV, the process is suppressed by ms/mp. The MIA parameters 5% L.LR do not
change the situation. However once we include 5%]%7 rr» We can avoid the suppression factor
ms/myp in Spbr, vertex. Combined with the MFV contribution in §pbr vertex, we can obtain
rather strong bounds on 5% R.RL from AMp, as shown in Figure 3.6, despite theoretical ambiguity
in the SM prediction. The structure at moderate tan 3 emerges as a result of interference between
the gluino box diagrams and the double Higgs penguin diagram. The contours at large |5§§R]
have mixing amplitude of opposite sign compared to the SM, which is caused by the gluino box
diagram with a very light bottom squark.

Finally, we discuss the impact of the future measurements on the time-dependent CP asym-
metry in B — K*vy. The MIA parameters 5}1%& pL give new contributions to é%g making the
asymmetry larger as discussed in the previous sections. It has a relatively mild tan 8 dependence
and can play a complementary role to the Higgs mediated FCNC’s. We can see in Figure 3.6 that
the remaining window at relatively small tan 3 can be nicely constrained by the time-dependent
CP asymmetry in B — K*y. The contours of Sp_,k+, are shown as dashed lines in intervals
of 0.1. Note that the expected sensitivity of Super B factory is expected to be around 0.1 with
5ab~ 1.

Re(ng)

50 60

Figure 3.6: Constraints on the mass insertion parameters. Measurements of B(B — X,v) (light
shaded/yellow), B(Bs — ptp~) (medium shaded/orange) and AMp, (dark shaded/red) are
considered. The contours of Sp_ i+, are shown in the intervals of 0.1.
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3.5 Model independent study of b — sy and b — sl™l~ processes

In previous sections we considered the supersymmetric extension of the Standard Model and
discussed its possible effects on the b — s transition processes. In contrast, in this section we
explain what we can learn from the experimental data in a model independent way. To be
specific, we consider the b — sy and b — sl™1~ decays [88-91].

As we discuss below, there are many types of interactions which may contribute to b — sy
and b — slT1~. The new physics effects originate from the energy scale higher than the electro-
weak scale, and below that new physics scale, the effects evolve down to the electro-weak scale.
Then, at the electro-weak scale, they are matched onto the low energy effective theory, which
is valid below the electro-weak scale. The new physics effects can thus be expressed in terms of
higher dimensional operators such as four-fermion interactions and dimension-five interactions.
For b — sl™l™ and b — sy processes, 3bll (Og and Oyg), 30, bF* (O7) and 30, TGy, (Os)
are such operators (there are several of these operators with different chiral structures). For each
operator there is the Wilson coefficient Cfff, in which the new physics effects are encoded. The
four-quark operators can contribute to b — sl*I~ through the one-loop matrix elements and
the operator mixing [91]. We assume that such effects are small compared to the contributions
from the tree level matrix elements of 5bll operators.

At the leading logarithmic approximation of QCD corrections, we obtain the following am-
plitude for b — sv.

4G e
V2 1672

where F),, stands for —i(gue;, — qvey). In the Standard Model Ot = Mol T the left-

mp

M(b— s7) = Vi Vi [c;fg (50,wbr) + CE(50,,b.)| F, (3.41)

right symmetric models [92], CSE can be as large as CS¥ [93-95]. Using the branching ratio of
B — X7, we can constrain |CSH |2 4 |CSE |2,

Since the branching fraction does not tell us about the ratio C?% C’?g, the observables which
are sensitive to the ratio are needed. Three methods using B meson decays have been proposed.
One can extract the ratio from the time dependent CP asymmetry of b — sy [96]. Another
measurement which is sensitive to the ratio is the transverse polarization of B — K*y [97]. This
can be measured by using the decay chains B — K*y* — KnlTl~ [98,99]. The azimuthal angle
distribution is sensitive to the ratio. The distribution at low invariant dilepton mass region must
be measured so that the decay amplitude from a Z exchange and box diagram contribution is
suppressed. The other method uses B — K,y — Knmy and triple momentum correlation
py - (PK X px) [100,101].

We next consider the possible new physics effects on b — sit1~. In addition to CS, there
are ten local four Fermi interactions which contribute to b — sl*I~. One can write down the
amplitude including all the contributions [89,90]:

- G * e s 7
M —sltl7) = \/—%:Vts‘/tb{(cu + C§ — Cho) (5L7ubr) Ly 11)

+ (CLr + CSF + C10) (517,ub1) (r1R)

+ Cre(8rYubr)(L7"1L) + Crr(SrVubR) LRV IR)
+ Crrrr(50br)(ILlR) + Crirr(SrbL)(ILlR)

+ CrLrre(50br)(IRlL) + Crirr(5rbL)(IRIL)

+ Cr(50,,b)(10"1) 4 iCrp(50,,b) (loasl) P
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— i2my [c;fg (50,ubR) + c;g(gawa)} (ww)‘;—?}. (3.42)

The Standard Model predicts

(CLL, Crr,CrR,CrL,CrLRL, CLRLR; CLRRL, CRLLR) = 0, (3.43)

= 44
(Cek, oghy = (m 1)Cehy, (3.44)
(Cr,CrE) =0, (3.45)

where (C$%, Cyo, C’7 1) are the Standard Model coefficients. The numerical values of the cor-
responding Wilson coefficients are C'PR = 4.153, C19 = —4.546, O, = —0.311. C§T is
close to —C1g. Two-loop calculation has also been completed recently [102,103]. Beyond the
Standard Model, one-loop calculation of these Wilson coefficients is available for the Minimal
Supersymmetric Standard Model (see, for example, [104] for a recent paper).

The branching ratio of b — sI™1~ is most sensitive to the coefficient Cp 1, since the interfer-
ence of the Crr and Cgff — (' is large. Depending on the sign of Cfr, the interference with
the Standard Model contribution can be constructive or destructive.

(— SM —CLL=3 —CLL=-3 — C7=-C7SM|

il \\/\’
'TQ
0
5 5 ¢
[72]
o
N
m

0

0 5 10 15 20
S(GeV?)

Figure 3.7: Differential branching ratio 22 for b — si*1~.

In Flgures 3.7 and 3.8, we show the differential branching ratlo and the forward-backward
asymmetry , respectively. We choose three sets of the coefﬁments and show dilepton mass
squared (s) dlstribution The three cases correspond to: (1) Crp =3, (2) Crp = —3, and
(3) (CR, C<y = — (= 1) Crgpr. When Cpy, is positive, the branching ratio is larger than the
Standard Model value. If Cpp, is negative, it decreases the branching ratio. If we change the
sign of C7 compared with the Standard Model, the branching ratio also increases as in the case
of Crr, > 0. The case (3) can be clearly distinguished from the Standard Model by studying the
forward-backward asymmetry.

As shown in Figure 3.8, in the Standard Model there is a zero crossing point of the forward-
backward asymmetry in the low invariant mass squared region. If the sign of C7p, is different
from the Standard Model, the zero crossing point may disappear from the forward-backward
asymmetry. Such a scenario is suggested in a supergravity model [105]. In another new physics
model scenario including the down type SU(2) singlet quark, Z FCNC current may contribute to
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Figure 3.8: Forward-backward asymmetry % for b — slT1~.

b — sltl™ at the tree level. The tree level Z FCNC contribution may give a large contribution
to Cp and can change the sign of the forward-backward asymmetry. Besides the observables
mentioned above, the forward-backward CP asymmetry of b — sIT[~ is useful under the presence
of new source of CP violation [106]. To conclude, with various observables and combination of
them, we can test the new physics scenarios if they contribute to b — slT[~ transitions. The
estimates of the sensitivity at Super KEKB are discussed in Sects. 5.3.7 and 5.3.8.

3.6 Lepton Flavor Violation

Strictly speaking, the Standard Model already has to be modified by introducing tiny neutrino
masses, in order to incorporate the Lepton Flavor Violating (LFV) phenomena observed in the
neutrino sector. Neutrino mixing v,-v, was first discovered in atmospheric neutrino measure-
ments at Super-Kamiokande [107], and was further confirmed by the K2K experiment [108].
The neutrino oscillation was also confirmed in solar neutrinos, which come from v,-v, mixing,
by both the Super-Kamiokande [109] and SNO [110,111] experiments. More recently, the Kam-
land experiment pinned down the explanation of the solar neutrino problem to the large mixing
angle solution [112]. It is very interesting that the v.-v, and v,-v; mixing angles are found to
be almost maximal and the neutrino mass structure is quite different from that of the quark
sector.

Now it is known that lepton-flavor symmetries are not exact in Nature. However, the mag-
nitude of LFV processes in the charged lepton sector is not obvious. The tiny neutrino masses
do not lead to sizable LFV processes in the charged lepton sector, since the event rates are
suppressed by the fourth power of (m,/my/). Thus, searches for LFV in the charged lepton
sector will probe physics beyond the Standard Model and the origin of the neutrino masses.

The 7 lepton is a member of the third generation and is the heaviest charged lepton. It can
decay into quarks and leptons of the first and second generation. This may imply that 7 lepton
physics could provide some clues to puzzles in the family structure. In fact, one naively expects
the heavier quarks and leptons to be more sensitive to the dynamics responsible for fermion
mass generation.

In the following we discuss LFV 7 lepton decays in SUSY models, especially in the supersym-
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metric seesaw mechanism and SUSY GUTSs, and other models such as extra-dimension models
and R-parity violating SUSY models.
3.6.1 LFV in the Supersymmetric Models

Lepton flavour violation in the SUSY extension of the Standard Model comes from the soft
SUSY breaking terms, since the supersymmetric interactions have the same flavor structure as
in the Standard Model. The soft SUSY breaking terms in the lepton sector are

—L = (m)iyeher; + (m)ullle; + [(AE)inléJIr%iZLj + h-Cl ; (3.46)

where (mjj)” and (m?);; are mass matrices for the right-handed sleptons ég; and the left-handed
sleptons {1;(= (Pr;,€L;)), respectively. (Ag);; is the trilinear scalar coupling matrix.

Figure 3.9: Feynman diagrams to generate [~ — [’"~ in the SUSY models with conserved
R parity. &, 7, ¥° and Y~ represent charged slepton, sneutrino, chargino, and neutralino,
respectively.

LFV processes for charged leptons are radiative if R parity is conserved, since the SUSY
interactions must be bilinears of the SUSY fields. Thus, 7= — p~ (e )y and u~ — e~ are the
most sensitive to the flavor structure of the soft SUSY breaking terms except for some exceptional
cases. These processes are generated by diagrams in Figure 3.9. The effective operators relevant
to I~ — '~ are flavor-violating magnetic moment operators,

4 - -
—Leg =) 1Gr [m,A%zgﬂ”PRz’ +m AV To" Pl | Fy + hec., (3.47)

V2

>r

where Pp,/r = (1 F 75)/2. The branching ratios are then
B(lI~ — I'"~) = 3842 (|A% |2 + |AY?) B~ — I vwy). (3.48)

Here, B(1~ — p=(e7)vs¥ye)) = 0.17 and B(u~ — e~ v, Ve) = 1.
The coefficients in (3.47) are approximately given as

/ V2e ay tanf [t
AT = —= - Wk 1 3.49
R AGp 4 m2ygy | 120 7 (3.49)
/ V2eay tanfB [ 1 t2
AT = —= — + WL, 3.50
L AGF AT Mgy _(30 TR (3:50)

ane — Y2eos tanf [y op By grsn By Mg sn (3.51)
R 4Gp dr mygy | 120 ¢ 120 #7760 my, MTTC) '

. V2eay tanfB [ 1 t2 1t
Al = o2 tanf L Hvyer (L Ty
4G p Am miggy | 30 | 24 80 " 240

& m
L sL w "'t R SL
)6,u7'5‘re— 60 MéuT676:|’ (352)
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assuming for simplicity that all SUSY particle masses are equal to mgusy and tan 3 > 1. Here,
tw = tan Oy, where Oy is the Weinberg angle, and the mass insertion parameters are given as

(mJZE)ll’
2 )
mgysy

(m%)ll’
5 )
mgysy

R _ L _
5ll/ —_— 5ll/ _—

(3.53)

When both the 13 and 23 components in the slepton mass matrices are non-vanishing, = —
e~ 7 is generated via a scalar 7 lepton exchange. In particular, if both the left-handed and
right-handed mixings are sizable, the branching ratio is enhanced by (m,/m,)? compared to
the case where only left-handed or right-handed mixing angles are non-vanishing. The off-
diagonal components in (Ag);; are sub-dominant in these processes since the contribution is not
proportional to tan (.

We list constraints on 67 and 0% from current experimental bounds on B(7~ — u~(e™)y),
which are derived by the Belle experiment [113], and B(u~ — e~ ~) [114] in Table 3.2. In this
table, we take tan 8 = 10 and mgysy = 100 GeV and 300 GeV.

The constraints from u~ — e~ on the slepton mixings are quite stringent. Independently,
the current bounds on the LFV 7 lepton decay modes independently give serious constraints on
]5£#| and |6%|. Furthermore, the current constraint on |<5{;T<5£e] from the LF'V 7 lepton decay
is now comparable to that from the LFV muon decay. The MEG experiment to search for
put — ety published preliminary results in [115], and the branching ratio sensitivity may be
improved by two orders of magnitude in the experiment [116]. It is also desirable for the LFV
7 lepton decay searches to be furthermore improved.

Msusy ’5£u ’5£e |(5£e ’ ’(sﬁ‘r 5£e |5ﬁ7' 6£e |
100GeV | 7x103 [1x1072[4x10° | 1x107* | 2x10°°
(8 x107%) | (2x 1073)

300 GeV [6x1072 [ 1x107" [4x107* | 9x107* | 2x 107
(7x1073) | (1 x107Y)

Mmsusy ’5§u ’571'%6 |(5ﬁe ’ ’55‘1’ 571'%6 | |5£T 67}'26 |
100 GeV [ 1x107 1 [2x107T [9x107* | 9x107* | 2x10°°
(3x1072) | (2x1073)

300 GeV 1 2 8x 1072 | 8x1073 | 2x10°*
(2) (1 x 1071

Table 3.2: Constraints on 6% and % from experimental bounds on B(I~ — I'"7). Here, we use
Bt~ — p=y) <45 x 1078 B(r~ — e y) < 1.2 x 1077 [113] and B(p~ — e~ v) < 1.2 x 10711
[114]. We take tan 8 = 10 and mgygsy = 100 GeV and 300 GeV. The numbers in parentheses

are derived from constraints on |5§ﬁ/ R)] and ]551;7/ R) |.

The flavor structure of the soft SUSY breaking terms depends on the origin of the SUSY
breaking and the physics beyond the MSSM, as discussed in Section 3.3. Even in the Universal
scalar mass scenario, the LF'V Yukawa interaction may induce LFV slepton mass terms radia-
tively. If the heavier leptons have larger LFV Yukawa interactions, the 7 lepton is the most
sensitive to them. In the decoupling scenario, stau may be much lighter than other sleptons and
have LFV interactions. Thus, the search for LFV 7 lepton decay is important to probe such
new physics. In the next section we present predictions for the LFV 7 lepton decay in the SUSY
seesaw model and SUSY GUTs.
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Next, we discuss other tau LFV processes in SUSY models. 7= — p~ (e )~y are the largest
tau LF'V processes, unless they are suppressed by some accidental cancellation or much heavier
SUSY particle masses. The LFV 7 lepton decay modes to three leptons are dominantly induced
by the photon-penguin contributions, and are correlated with 7= — u=(e™ )7,

B(rm — pu~ete”)/B(r™ = u™y) ~ 1/94, (3.54)
Bt~ — pu putu”)/B(r™ — p~y) ~ 1/440, (3.55)
B(r~ —eete)/B(t™ —e ) =~ 1/94, (3.56)
Bt~ —e putu)/B(r~ — e 7) 1/440. (3.57)

The LFV 7 decays into pseudoscalar mesons tend to be smaller than those to three leptons since

they do not have photon-penguin contributions.
T G T w(eT)

<«

Figure 3.10: Feynman diagrams to generate (a) 7= — p~ (e )u™p™, (b) 77 — u=(e7)n, (c)
T~ — u~(e7)u~ 7, induced by anomalous Higgs boson couplings. Dots denote the LFV anoma-
lous Yukawa couplings.

The Yukawa couplings of the Higgs bosons in the MSSM are lepton-flavor conserving at tree
level. If sleptons have LFV mass terms, the LFV anomalous Yukawa couplings are generated
by radiative correction. The Higgs-mediation contributions to the LFV processes, which are
induced by the anomalous couplings, become important when the SUSY particle masses are
much heavier than the weak scale. This is because the anomalous couplings are not suppressed
by the SUSY breaking scale [117]. In this case the branching ratios of the LFV 7 lepton decay
modes have a different pattern from the above.

The anomalous Yukawa couplings for the 7 lepton are given by

—Leof = l:ze:M(QG%)l/‘*C;:—;ﬁ(AEZ?PLl + ARIPT) (cos(B — a)h® —sin(f — a)H° — z'AO)
mr Tl = Tly -
+ l;ﬂ(SG%)l/‘lm(ALITPLW + APy )H™ + hec., (3.58)

where « is the mixing angle between the CP-even Higgs bosons h° and H?. A° and H~ are CP-
odd and charged Higgs bosons, respectively. When the 13 and 23 components in the left-handed
slepton mass matrix are non-vanishing, Azl (I = e, p) are given by

ATl o~ 2T WYL _

Here we assumed for simplicity that all SUSY particle masses are equal to msyusy, though AEZ
is not explicitly suppressed by mgusy as mentioned above. If the right-handed sleptons have
the LFV mass terms, A}'{ (I = e, p) could be non-vanishing. However, it is very sensitive to the
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SUSY particle mass spectrum, and it is zero due to an accidental cancellation when all SUSY
particle masses are taken to be equal. The detailed formulae for Azl/  are provided in Ref. [118].

Diagrams (a-c) in Figure 3.10 induce 7= — p~ (e )utp~, 7= — p (e7)n, and 7= —
w1~ (e7)7, respectively, due to the LFV anomalous Yukawa couplings in (3.58). The branching ra-
tios are proportional to tan® 3/ m‘io. For example, the approximate formula for B(7~ — [=1't1'™)
is given as

B(r~ = I7IH") =~ (mgly? +]AT 2) tan® B (3 + 56,)

32mf*40
xB(t™ — 1 yv,), (3.60)

where m 4o is the CP-odd Higgs boson mass. When tan 3(mgsyusy /m40) & O(10%), the branching
ratios of these processes are larger than those of 7= — p~ (e )7y induced by diagrams in Figure 3.9
[117,119-121].

The ratios of the branching ratios for the LF'V processes depend on the Higgs boson masses
and also on the MSSM parameters in the Higgs-mediation case. The branching ratio for 7= —
p~n is about 5 times larger than that for 7= — p~pu "~ at the leading order in the perturbation
theory. It can be a few times larger or smaller than that, depending on the radiative correction
to the bottom and strange quark masses [118]. The branching ratio for 7= — = could be the
largest in the Higgs-mediation case [121]. However, it is sensitive to the mass splitting between
H° and A°, which is dominated by the radiative corrections in a limit of myz/m 40 < 1. Also,
the two-loop diagram induced by the Higgs bosons is not negligible in the process.

3.6.2 SUSY Seesaw Mechanism and SUSY GUTs

In general, in seesaw and GUT models, LFV Yukawa interactions are introduced. If the SUSY
breaking mediation scale is higher than the GUT [122-124] or the right-handed neutrino mass
scale [125-128], sizable LF'V processes are predicted as mentioned in the previous section.

The most economical way to generate the tiny neutrino masses is the seesaw mechanism. In
the seesaw model, a neutrino Yukawa coupling Y, is introduced, which is lepton-flavor violating.
In the supersymmetric extension, the off-diagonal components of the left-handed slepton mass
matrix are radiatively induced, and they are approximately given by

Mg

)
- My,

(6m2 )iy = — 5 (3md + A3) S (Vi (Vo g log (3:61)

872

where My, is the ¢-th right-handed neutrino mass, and Mg is the Planck scale. Here we assume
the gravity mediation scenario, and the parameters mgy and Ay are the universal scalar mass
and the universal trilinear scalar coupling. The predicted small neutrino mass matrix is

(Yu)kz(yu)k j <H2>2
Z My : ’

k

(my)ij = (3.62)

k

Eq. (3.61) has a different structure than (3.62). Thus, we may obtain independent informa-
tion about the seesaw mechanism from the charged LFV searches and the neutrino oscillation
experiments.

In Figure 3.11 we show B(7~ — p~v) and B(7~ — e”v) in the SUSY seesaw mechanism,
assuming the gravity mediation scenario for the SUSY breaking. We fix the neutrino Yukawa
coupling using the neutrino oscillation data under assumptions for the neutrino Yukawa coupling
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Y., which suppresses B(u~ — e~ 7). The experimental bounds on these 7 LFV processes have
already excluded some of the parameter space. However, the bulk of the parameter space will
be covered by the future searches which will reach branching fractions of few times 1079 (see
Sect. 5.10). While a natural candidate for the largest LFV 7 lepton decay mode is 77 — pu~ v
from the atmospheric neutrino result, some model-parameters in the seesaw model predict larger
B(t~ — e ) [129]. This is because (3.61) and (3.62) have different dependences on Y, and My
as mentioned above.

,"A*amﬁ" e ’-:'»"-sm ey b
: L
~.—$‘3&m¥f w" # ?&,ﬁ T
. < F
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%
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Figure 3.11: B(t~ — p~ ) and B(7~ — e ) in the SUSY seesaw mechanism, assuming the
gravity mediation scenario for the SUSY breaking. Dashed lines show the current experimental
bounds from the Belle experiment [113]. Here, we take tan § = 30, the SU(2) gaugino mass
200 GeV, Ag = 0, and positive Higgsino mass. We fix the neutrino Yukawa coupling by using
the neutrino oscillation data under assumptions of the neutrino Yukawa coupling.

In GUT models, even if the neutrino Yukawa contribution is negligible, LE'V processes are
predicted. In the SU(5) SUSY GUT, the right-handed charged leptons are embedded in the
10-dimensional multiplets with the left-handed quarks and the right-handed up-type quarks.
The LFV SUSY breaking terms for the right-handed sleptons are generated by the top-quark
Yukawa coupling Y; above the GUT scale. The off-diagonal components in the right-handed
slepton mass matrix are given as

3 Mg

om)ij =~ ———(3m2 + AL VisV4| Vi1
(mE)’L] 32 ( 0+ 0)VisV, 3’ ¢l OgMGUT

(3.63)
where Vj; is the CKM matrix in the SUSY SU(5) GUT and Mgyt is the GUT scale.
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In the minimal SU(5) SUSY GUT, in which the neutrino Yukawa coupling is negligible,
B(r~ — p~7) is smaller than 107! — 1072, While the process is enhanced by the top-quark
Yukawa coupling, it is suppressed by the CKM matrix element and the U(1)y gauge coupling
constant. Furthermore, when the right-handed sleptons have LFV mass terms, an accidental
cancellation among the diagrams tends to suppress the branching ratio. However, notice that
the CKM matrix elements at the GUT scale may not be the same as the ones determined in
the low energy data. This is because the quark and lepton mass ratios are not well explained in
this model. If V35 is larger, the processes are enhanced [130, 131].

3.6.3 Other Theoretical Models

In the previous subsections we discussed LFV 7 lepton decays in SUSY models assuming that R
parity is conserved. In this subsection we review some examples of other models which predict
LFV 7 lepton decays.

In extra-dimension models [8,9] the “fundamental” scale is expected to be comparable to
the weak scale, and the classical seesaw mechanism does not explain the tiny neutrino masses.
Instead, singlet neutrinos in the bulk space are introduced [132-134]. The Yukawa couplings
of the left-handed neutrinos with the bulk neutrinos are suppressed by an overlap of the wave
functions, and small Dirac neutrino masses are predicted.

In this model the loop diagrams from the Kaluza-Klein states of the bulk neutrinos generate
the LFV 7 lepton and p decay [135,136]. On the other hand, this model is constrained by
short baseline experiments and charged current universality, since the kinetic mixing term for
neutrinos is not negligible. In the minimal model, in which the unique source of LFV is the
Yukawa coupling of the left-handed neutrinos with the bulk neutrinos, B(t~ — p=v) < 107
from the existing constraints, while B(u~ — e¢~7v) < 1071 — 10~ depending on U,z [136]. In
the non-minimal case, the constraints may be looser.

In R-parity violating SUSY models, there exist lepton flavor and baryon number non-
conserving interactions at the tree level. Proton stability gives stringent bounds on such models,
as well as other processes, such as the decays of charged leptons and B and D mesons, neutral
current processes, and FCNC processes. Since the 7 lepton is the heaviest lepton, various 7
LFV modes can be induced. These include 7= — pu~puTp~, p~eTe™, ute"e” and 7= — p~ MY,
p~ VY. Here, M° and VO are pseudoscalar and vector mesons, respectively. Comprehensive
studies of LFV 7 lepton decay have been performed in [137].

If the masses of the right-handed neutrinos are O(1 — 10) TeV in the seesaw mechanism,
sizable LE'V 7 lepton decay might be possible [138]. It was found in [139] that B(7~ — p ™) and
B(r~ — p~ptp~) are smaller than 1079 and 10719, respectively. It was, however, also argued
that B(7— — e~ ) and B(t~ — e~eTe™) can reach 1078 and 1079, respectively, in various
models [139].
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Chapter 4

Belle Status

By the 2009 summer shutdown, Belle had accumulated data corresponding to an integrated
luminosity of ~950 fb~!, of which ~710 fb=! are at the Y(4S) resonance, corresponding to
~772 million BB pairs. We expect a total integrated luminosity of ~1000 fb~! (=1 ab™!) as a
final Belle data set.

In this section, the current physics results are briefly reviewed for selected topics in order
to give an overview of the present status. Note that the theoretical framework of quark flavor
physics in the Standard Model and beyond is described in Chapter 2 and 3, respectively, while
some details of the experimental methods are further explained in chapter 5.

4.1 sin2¢; in b — c¢s Processes

Decays of BY meson to C'P-eigenstates with an underlying b — c€s process are reconstructed
for J/WK (&5 = —1) and J/PK (& = +1) final states *, where &; denotes C'P parity. The
two classes (5 = %1) should have C' P-asymmetries that are opposite in sign.

L — L 0
N§1200 - (@) Iy K2 n § : (b) J/ y K|
%1000 - 2 3000 + data
O t O] : 01 J/¥K,
= 800 f 0 2000 | 23 J/WK X BG,

L > n K , detected
8; 000 : % : # J/WX BG
I 400 a = 1000 - m combinatorial BG
5 200} ) \ e
L O Lt 4 O [ pul 2 ey

5.2 5.25 5.3 0 05 1 1.5 2
M, (GeV/c?) p*, (GeV/c)

Figure 4.1: (a) My, distribution in the AE signal region for selected B® — J/1KY candidates
and (b) p% distribution for selected B® — J/¥K? candidates. The shaded portions show the
contributions of different background components.

The reconstructed samples with 535 million BB pairs used for the sin 2¢; measurement [1]

'The inclusion of the charge conjugate decay mode is implied unless otherwise stated.
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are shown in Figure 4.1. B mesons produced at the Y (4S5) peak are identified using the energy
difference AE = Ej, — E; . and the beam-energy constrained mass My, = /(E}..)> — (05)?,
where EY_  is the beam energy, and K% and pj are the energy and the momentum of the
reconstructed B meson, all measured in the eTe™ center-of-mass frame. The signal yields (puri-
ties) are 7484 + 87 (97%) and 6521 + 123 (59%) for J/¢ K9 and J/K?Y, respectively. It is clear
that the C P-eigenstate event samples used for the C'P-violation measurements in b — c¢s are

large and clean.

Figure 4.2 shows the At distributions, where a clear shift between B and B tags is visible,
and the raw asymmetry plots (see Eq.(2.48)) for a sample with good tag quality. The final
results are extracted from an unbinned maximum-likelihood fit to the At distributions which
takes into account resolution, mistagging and background dilution. The result is sin2¢; =
0.642 +0.031 +0.017. The CP asymmetries for J/ng and J/K/JK% samples are +0.643 £ 0.038
and —0.641 4 0.057 (statistical error only), respectively, and have opposite sign with the same
magnitudes as expected. Combining a measurement of sin 2¢; with the ¢(2S)Kg mode using
657 million BB pairs [2], we obtain

sin 2¢; = 0.650 = 0.029 & 0.018. (4.1)
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Figure 4.2: Background subtracted At distributions and asymmetries for events with good tags
for B — J/¢K°. The smooth curves are projections of the unbinned likelihood fit.

This result may be compared to the BaBar result with 465 million BB pairs of sin2¢; =
0.687 £ 0.028 £ 0.012 [3]. Both experiments are in good agreement; the average of these results
is [4]

sin 2¢1 = 0.672 £ 0.023. (4.2)

The average can be interpreted as a constraint on the CKM angle ¢; and confronted with the
indirect determinations of the unitarity triangle [5] (see Sec. 4.5). Both values are consistent
with the hypothesis that the Kobayashi-Maskawa phase is the source of C'P violation. The
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measurement of sin 2¢; in b — ¢¢s modes has become a presision measurement with better than
4% accuracy. Still the systematic uncertainties are small and well understood.

The asymmetry with a cosine dependence, which indicates direct C'P violation, is measured
to be A = 0.018 4+ 0.020 + 0.015. The average with BaBar’s result A = —0.024 + 0.020 + 0.016
gives

A= —0.004 + 0.019. (4.3)

This result is consistent with the theoretical expectation A = 0.

4.2 (' P-Violation in b — sqg Penguin Processes

One of the promising ways to probe additional C'P-violating phases from new physics beyond
the Standard Model is to measure the time-dependent C'P-asymmetry in b — sqq penguin-
dominated modes such as B® — ¢K g and B? — n/K g, where heavy new particles may contribute
inside the loop, and to compare the results with the asymmetry in BY — .J/ ng and related
b — cts charmonium modes. Belle has measured CP-violation in B? — n/K 0, KgKgKg,
KTK~KY, and wKY with 535 million BB pairs [1,6]; and in B — 797°K2, 79K°, ¢K?,
f0(980)K 3, and p° K3 with 657 million BB pairs [7-9]

The decays B® — ¢K9, n/Kg and KgKgKg, which are dominated by the b — sSs transition,
are especially unambiguous and sensitive probes of new C P-violating phases from physics beyond
the Standard Model [10]. The Standard Model predicts that measurements of C P-violation in
this mode should yield sin2¢; to a very good approximation [11-13]. A significant deviation
in the time-dependent C'P-asymmetry in this mode from what is observed in b — c¢s decays
would be evidence for a new C'P-violating phase.

Decay modes B — 7/ K% and 7TOK2 are used as well as B — 7/ Kg and WOKg to increase
the signal samples. Figure 4.3 shows the At distributions and asymmetries for good tag quality
events for B — n’K° and B? — KgKgKg decay modes. Note that these projections onto the
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Figure 4.3: Background-subtracted At distributions and asymmetries for events with good tags
for (left) B — n’K°, and (right) B — KYK3K2. In the asymmetry plots, solid curves show
the fit results, and dashed curves show the Standard Model expectation from the B — .J/yK?°
measurement.

At axis do not take into account event-by-event information (such as the signal fraction, the
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wrong tag fraction and the vertex resolution) that is used in the unbinned maximum likelihood
fit. For the B® — 1 K% mode, we obtain

sin 2¢5T = 40.64 + 0.10 + 0.04, (4.4)

which is the first observation of C'P violation in the b — sqq mode with a significance equivalent
to 5.60.

For B — (Z)Kg, f0(980)Kg, and pOKg modes, time-dependent Dalitz plot analysis is per-
formed in BY — KgK TK~ and Kgﬂ+7r_ three-body decays in order to take into account effects
of interferences among intermediate states.

BaBar has also made measurements for these decay modes with 227-467 million BB pairs [14].
The results of both experiments and averages are summarized in Fig. 4.4. The sin 2¢‘iﬁ results
of all individual modes are consistent with the world average of b — ¢¢s modes within their
measurement errors, apart of BO — 7 7r0K 9 and B - KK~ K° where some discrepancies at
the level of two to three standard dev1at10ns are currently observed. When all the b — s modes
are naively averaged, the result is 0.70 lower than the SM expectation. It should be noted that
this average neglects both the theoretical uncertainty and the fact that experimental systematic
uncertainties are correlated between the measurements of individual modes. Calculations within
the SM predict that the sin 2(1)?ff in b — sqq should be higher than the value measured in b — ccs
mode [15-18].
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Figure 4.4: Summary of sin 2¢$T measurements for b — sgq decay modes [4].

4.3 ¢ measurements

¢2 is an angle between V) V,q and V,;V,4, and can be measured by a time-dependent C'P
asymmetry analysis using BY decays to C'P eigenstates through a b — u tree diagram. For
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a pure b — wu tree transition, a mixing-induced C'P asymmetry measurement yields sin 2¢9 as
the decay amplitude has the weak phase V', V,q (Eq.(2.56)). Unfortunately, in contrast with
B — J/¥K" decay case, the contribution of the b — d penguin amplitude could be comparable
to that of the b — w tree amplitude. Because these amplitudes have different weak phases, S is
no longer equal to sin 2¢9 and is expressed as

S=+v1-A?sin(2¢9 + k), (4.5)

where the value of x can be extracted using the isospin relations among BY — 77—, BY — 7970,

and BT — 7770 decays given in Egs. (2.58),(2.59) [19].

4.3.1 B —gtr-

The penguin contribution to the decay may cause the C' P asymmetry A, to differ from the null
value expected in the case of the tree contribution only. By defining the effective angle 2¢§H =
2¢o + k through A\, = ])\,Tﬂ]62i¢3ﬁ, and using |Aqrr| = V1 + Arr/V1 — Azr (see Eq.(2.50)), one
obtains the asymmetry S;, = /1 — A2 _sin 2¢3§H. The phase shift k can be expressed using the
isospin relations as [20]

Kk = —arccos(BT) — arccos(B™)
B B4 B (1 — Azr)/2 — BO(1 — A00)
B V2BFB(1 — Ay
BT B (14 Agr) /2 — B(1 + Ajogo)
B V2BF B+ Ay

Bt : (4.6)

where B0, B+~ and B® denote the branching fractions for decays of a B meson to a specific
w7 charge combination.

Belle has measured C' P asymmetry parameters Sy and Ay, using 535 million BB pairs [21].
The results are

Spr=—0.61£0.10£0.04 and A;r = +0.55 % 0.08 £ 0.05. (4.7)

Figure 4.5 shows the At distributions and asymmetries together with fit results. The result shows
the observation of the direct C'P violation with a 5.5 o significance, while BaBar result [22] with
467 million BB pairs shows somewhat smaller direct C'P violation (Azr = +0.25 +0.08 4 0.02
and Sy = —0.68 £0.10 + 0.03). The difference between two experiments is ~ 1.90.

The isospin analysis is performed using above results and the current world averages of
B(Bt — 7tx0), B(BY — ntx7), B(B® — w%7Y), and A(BT — 7%7%) [4], resulting in the
confidence level intervals of ¢o as shown in Fig. 4.9.

4.3.2 B — ptp-

The decay mode B® — ptp~ contains two vector mesons in the final state. Therefore it is in
general a mixture of C'P-even and -odd final states. Since the p meson is a wide resonance, it
would also suffer from interference effects with other resonances and a non-resonant component.
Because of these difficulties, it was thought that an analysis for this decay mode would be
complicated and might not be useful for a ¢o determination. However, the fraction of longitudinal
polarization component (fr) was found to be close to 100% [23,24] which means that the final
state is an almost pure C' P-even state. Furthermore, the branching fraction of B® — p%p" [25,26]
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Figure 4.5: (a) At distributions of B — W*W‘_signal events with good tag quality after back-
ground subtraction for B%tagged (solid) and B°-tagged (dashed), and Acp plot. The curves
are projections of the fit result.

is found to be much smaller than those of B — p*p~ and BT — p*p° [4], which indicates
that the effect of the penguin diagram (k) is small enough. Also the branching fraction for
BY — ptp~ is relatively large and there are no other significant resonant contributions that
could contribute to this final state.

Belle has measured C'P asymmetry parameters using 535 million BB pairs [27]. The results
are

S

otp- = 1+0.19£0.30 £0.07 and A

otp- =0.16 £0.21 £ 0.07. (4.8)

Both S,, and A,, are consistent with zero within errors. Figure 4.6 shows the At distributions
and asymmetries together with fit results. BaBar has obtained a consistent result with 384
million BB pairs [23].

The isospin analysis similar to B — 77 is performed using above results (S, A and fr) and
the current world averages of B(Bt — p*p?), B(B® — p*p™), and B(B® — p°0°) [4] (Fig. 4.9).

4.3.3 B — ptr—

In the B — pt7~ decay, the final state is not a C'P eigenstate. This decay however proceeds
via the same quark level diagram as that of B — 77~ and both B? and B° can decay to ptn .
Consequently, mixing induced C'P violations can occur in four decay amplitudes, B® — pTnT
and B? — pT7rF. The measurements of CP violation parameters for these decays, where they
are treated as quasi-two body decays, have been made both by BaBar [28] and the Belle [29].
However, an isospin analysis is rather complicated and no significant constraint on ¢» has been
obtained [5].

Belle has performed a time-dependent Dalitz plot analysis to B® — 7t7~ 7" decays using
449 million BB pairs [30]. This method in principle allows to extract ¢o without multi-fold
ambiguity utilizing the different behavior of time evolution in Dalitz plane due to interference
of pt7=, p~nT, and p’7® amplitudes [31]. “Square Dalitz plot” parameters (m’ and ¢’) are
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Figure 4.6: At distributions of B® — pTp~ candidate events with good tag quality for (a)
B'-tagged and (b) B°-tagged. The hatched region shows the background component. The raw
CP asymmetry is shown in (c). The plots are for the signal enhanced region with tightened
continuum suppression requirement.

used rather than the usual squared masses of two particles. The maximum likelihood fit to the
Dalitz plot and At distributions extracts 26 coefficients which uniquely determine 6 complex
amplitudes (B and B® — pTn—, p~nt, p%7%). The mass and helicity distributions and C'P
asymmetries (as a function of At) for candidate events containing 971442 B® — 77~ 70 signals
are shown in Fig. 4.7 together with fit results. The constraint on ¢o from 26 coeflicients is shown
in Fig. 4.8 (dotted curve). Also, the constraint including isospin (pentagon) relations [32, 33]
among B — pm and BT — pr decays is obtained (solid curve). The similar analysis is also
made by BaBar using 375 million BB pairs [34].

4.3.4 Combined ¢, Constraint

Figure 4.9 summarizes the constraints on ¢o from the B — nw, B — pp, B — p7m decays using
the isospin analysis, and combined results [5]. Averages of Belle and BaBar measurements are
used. Selecting the solution closest to the value arising from the global fit to the Unitarity
Triangle, ¢ = (89.0743)° is obtained.

4.4  ¢3 Measurement

¢3 is an angle between V", V,,4 and V3;V,q and can not be measured using a mixing induced C'P
violation in B° decays with a simple manner as done for other two angles. Naturally, decay
modes useful to measure ¢3 should involve an interference between an amplitude with V,; and
that with any CKM element other than V;4. Also, some trick is required to get rid of the effect
of strong phase in C'P violation. One of promising decay modes is B decays to a neutral D
meson and a kaon. If both DY and EO decay to a common final state (feom), an amplitude of
B~ — D°K~ — feomK™ (via b — cus diagram) and that of B~ — DK — feom K~ (via
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Figure 4.7: Mass (a)-(c) and helicity (d)-(f) distributions, and background subtracted At asym-
metry plots in the good tagging quality (g)-(i), corresponding to the pTn~ [(a),(d),(g)], p~ 7"
[(b),(e),(h)], and p°7° [(c),(f),(i)] enhanced regions. Solid, dot-dashed, dotted, and dashed
hatched histograms correspond to correctly reconstructed signal, self cross feed, BB, and con-
tinuum PDF’s, respectively.
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Figure 4.8: 1 — C.L. vs. ¢5. Dotted and solid curves correspond to the result from the time-

dependent Dalitz plot analysis only and that from the Dalitz and an isospin (pentagon) combined
analysis, respectively.
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Figure 4.9: Summary of confidence level as a function of ¢y obtained from B — 77~ 70 decay,

B — 7w isospin analysis, B — pp isospin analysis, and all three decay modes combined.

b — ucs diagram) interfere, resulting in a C'P violation which is related to ¢3. There are several

types of feom considered to be useful [35-37]
The Dalitz method [37] uses feom = Kg7r+7r_ and currently provides the most promising

measurements. It was first tried by Belle with 152 million BB pairs [38]. Belle has updated the
results for BY — DK™ and Bt — D*[Dn°]K* with an additional mode BT — DK** using
657 million BB pairs [39].

The decay amplitude in Dalitz plane is given for B as

My = f(m3,m2) +re'®F? f(m?, m3), (4.9)
and the corresponding amplitude for B~ decay is given as
M_ = f(m*,m%) +re st f(m2 m?), (4.10)

where r and ¢ are the ratio of magnitudes and the strong phase difference of the two amplitudes,
b — ctis and b — ucs, respectively, mi (m?) is the invariant mass squared of K37 (K27~ ), and
f (m%r, m?) is the complex amplitude of D — Kg7r+7r_ decay. f (mi, m?) is parametrized as a
sum of intermediate quasi-two-body decays using D° from D*t — D%zt whose flavor is tagged
by the charge of the soft pion. Unbinned maximum likelihood fits are performed including the
effects of background, efficiency, and resolutions. For statistical reasons the fitted parameters
are defined as x4 = r cos (¢3 + J) and y+ = r4 sin (¢35 + ), where the indices £ correspond
to BT decays. The results for the DK final state are presented in Fig. 4.10 (left). Extraction

of the angle ¢3 from the measured x4, y+ results in

¢z = (78.4710-3(stat) + 3.6(syst) & 8.9(model))°. (4.11)

BaBar has obtained ¢3 = (76 & 22(stat) 4 5(syst) + 5(model))° using 383 million BB pairs [40].
The current world average of ¢3 measurements is presented in Fig. 4.10 (right) and is found to

be (73722)° [5].
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Figure 4.10: Left: x4+ and yy4 as obtained from the Dalitz analysis of B~ — DK~ —
Kntr=K~ [39]. Solid lines correspond to one, two and three standard deviations contours.
Right: The combined C.L. for measurements of ¢3. Dashed (red) line shows results of Dalitz
analyses, dashed-dotted (blue) line results of ADS and GLW methods, and shaded (green) area
the combination of all [5]. For further description of the methods see Sect. 5.8.1.

4.5 Status of Unitarity Triangle Determination

Figure 2.2 summarizes the measurements and constraints on the CKM Unitarity Triangle (Eq. (2.8))
described in previous sections together with other available measurements/constraints on |Vy,/Ve|,
|Vig| etc. All measurements presented in the (p,7) plane (Eq. (2.9)) are consistent within the
uncertainties that include both experimental and theoretical ones.

4.6 Radiative B decays

4.6.1 Exclusive B — K*vy

Measurement of the B — K™ exclusive branching fraction is straightforward and made with
good precision?. The results from CLEO [41], BaBar [42] and Belle [43] are in good agreement.
The world averages are [4]

B(B® - K*%) = (4.40=£0.15) x 1072, (4.12)
B(B* — K*Ty) = (4.57+0.19) x 107°. (4.13)

The theoretical predictions [44-46] have considerably larger uncertainties than experimental
measurements.

A better approach to exploit the effect of possible new physics contribution in B — K*v
is to measure the time-dependent C'P asymmetry in BY decay into self-charge conjugate (C
eigenstate) final state, B — K*°[— K9r%~. Within the Standard Model, the photon emitted

from a B° (EO) meson is predominantly right handed (left handed). A flip of photon polariza-
tion is suppressed by the quark mass ratio 2ms/m;, [47). Hence, for B® — K*0[— K270y the

2K* denotes K*(892) throughout this section.
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Figure 4.11: At distributions for BY — KJr% for B%-tagged (left) and B°-tagged (middle).
The solid (dashed) curve shows the total (signal component) fit result. Asymmetry (right) in
each At bin for good tagging quality events together with fit result.

Standard Model predicts a small time-dependent C'P asymmetry, which arises from the interfer-
ence between decay amplitudes with and without BB’ mixing (up to 0.1 including a possible
enhancement due to strong interactions [48]). The same suppression is expected for final states
of the type BY — PYQ%y, where PY and Q" are spin-0 neutral particle [49]. A significant devia-
tion from the small Standard Model prediction could indicate new physics. Belle has performed
time-dependent C'P asymmetry measurement for B — ngﬂ'o’}/ decay with a ngﬂ'o invariant
mass up to 1.8 GeV/c? using 535 million BB pairs [50]. The result is S = —0.10 £ 0.31 & 0.07
and A = —0.20+0.20 £ 0.06. The At distributions and asymmetry are shown in Fig. 4.11. The
averages with BaBar measurement using 467 million BB pairs [51] are

S=-0.154+0.20 and A= +0.07+0.12, (4.14)

which are consistent with the Standard Model expectation; however, considering the expected
magnitude of the asymmetry, more data are needed to make any conclusion.

4.6.2 Other Exclusive Radiative Decays

The dominant radiative decay channel B — K*v covers only 12.5% of the total B — Xy
branching fraction (world average (3.52 & 0.25) x 10~* [4]). The remainder is due to decays
with higher resonances or multi-body decays. Knowledge of these decay modes will eventually
be useful to reduce the systematic error for the inclusive measurement.

Belle has extended the analysis into various multi-body decay channels, such as B —
Kn(m)y [52,53], B — K¢v [54], B — Kny [55], and B — Kn'~y [56]. Together with BaBar
measurements [57,58], the world average branching fractions for multi-body decay channels are
summarized in Table 4.1.

Time-dependent C' P-asymmetry measurements are also performed for BY — K gpo[_) Tt~ ]y
by Belle [59] and for B® — K2ny by BaBar [58], and are useful to exploit the new physics effect
as described above.

4.6.3 b — dvy Decays

There are various interesting aspects to the b — dv transition. Within the Standard Model,
most of the diagrams are the same as those for b — s, except for the replacement of the CKM
matrix element V5 with V;4. A measurement of the b — d~ process will therefore provide the
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Table 4.1: Branching fractions for other exclusive b — s radiative decays.

mode Bt (x107%) BY (x107°)
B— Kntn~ 217+18  195+22
B — K¢y 3.5+0.6 <27
B — Ky 9.4+ 1.1 7.6713
B — Kn'y 3.2117 <6.3

ratio |Viq/Vis| without large model-dependent uncertainties. This mode is also one where a large
direct C' P-asymmetry is predicted both within and beyond the Standard Model [60].

The search for the exclusive decay modes B — py and B — w+y is the easiest and straight-
forward, and is quite similar to B — K*~v mode except for its small branching fraction and
the enormous combinatorial background from copious p and w mesons and random pions. The
B — py mode suffers from the huge B — K*~ background that overlaps with the B — p signal
window, while B — wy is not affected by the B — K*v background. In summer 2005, Belle has
reported the first observation of b — dvy process with B — py and wvy modes using 386 million
BB pairs [61]. Besides the continuum background suppression, to suppress the B — K*v back-
ground in B — p, the invariant mass information is used, where the kaon mass is assigned to
one of charged pions. The measurements are updated using 657 million BB pairs [62]. The AE
and My, distributions are shown in Fig. 4.12. Combining B — pvy and wvy mode, Belle observes
139 signal yields with 6.20 significance (including systematic uncertainties), which gives

B(B — (p,w)y) = (1.14 £ 0.201519) x 1076. (4.15)

The ratio of this branching fraction to that of B — K*v gives |V;q/Vis| = 0.202 £ 0.018 +0.015
using a prescription of Ref. [63]. BaBar has confirmed the B — py and w+ signals using 347
million BB pairs [64] and updated the measutements using 465 million BB pairs [65] with a
consistent branching fraction, (1.63703] +0.16) x 107°.

Belle has performed the first time-dependent C'P violation measurement for B® — p%y mode
using 657 million BB pairs [66]. With the present statistics, the result is consistent with no C'P
asymmetry and consistent with the Standard Model expectation.

4.7 Electroweak Rare B Decays

A process b — sfT/¢~ is suppressed compared to b — sy by an additional electro-weak coupling.
The first signal for B — K¢/~ was observed by Belle [67] using 31 million BB pairs and
later confirmed by BaBar [68]. Since then, inclusive (B — X 1¢7) [69-71] and B — K*{T(~
decays [68,72] were observed and measurements have been improved using larger data samples
by Belle and BaBar. The branching fractions and their asymmetries are so far consistent with
the Standard Model expectations within experimental and theoretical uncertainties [73-79].
This process has contributions from virtual photon and Z° (as well as from the box diagram).
Since lepton pair enable us to measure additional quantities, dependence on momentum transfer
squared ¢ = M?(¢*¢~) and forward-backward asymmetry Apg of the lepton decay angle, these
could be unique probes for new physics not seen in b — sy decays.

Belle has performed the first measurement of the forward-backward asymmetry and extracted
the ratios of Wilson coefficients, Ag/A7 and A1g/A7 in B — K*{T/~ using 386 million BB
pairs [80]. The fit to ¢ and cos @y distributions assuming A7 = —0.330 (the Standard Model
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Figure 4.12: Projection of the fit results to My, in the AFE signal region and AFE in M}, signal
region for individual and simultaneous fits. Curves show the signal (red/dashed line), contin-
uum (blue/dot-dot-dashed line), B — K*vy (purple/dotted line), other B decay background
(green/dot-dashed line) components, and the total fit result (black/solid line).
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Figure 4.13: K invariant mass and M, distributions for B — K*{T¢~ samples (left). The
solid (blue), long-dashed (red), short-dashed (gray) and dotted (green) curves represent the
combined fit result, fitted signal, combinatorial background, and J/¢ (') X background, respec-
tively. Measured App (right) as a function of ¢?. The solid (dashed) curve shows the Standard
Model (C7 = —CM) prediction.

expectation from the B(B — X,v) measurements) gives Ag/A7 = —15.3 fi:gi 1.1 and Ay9/A7 =
10.3 fg% + 1.8. Here, 6y is the angle between the momenta of the negative (positive) lepton
and the B (B) meson in the dilepton rest frame. These are consistent with the Standard
Model expectation, Ag/A7; = —12.3 and Ajp/A7 = 12.8. The result excludes the solutions with
AgAjo > 0 with a C.L. of more than 95%.

The measurements have been updated using 657 million BB pairs [81]. Using 2301%%l signal
yield, we measure the forward-backward asymmetry in six ¢? bins by fitting cos 4, distributions.
Figure 4.13 shows the B — K*{T/¢~ signal in K7 mass and M, distributions (left panel), and
the extracted App together with the Standard Model and Cy = — 75 M expectations (right panel,
middle). Charge asymmetry, K* polarization (right panel, top) and isospin asymmetry (right
panel, bottom) are also measured, and are consistent with Standard Model expectations within
experimental errors. BaBar also performed a similar measurement of the forward-backward
asymmetry and other properties of B — K*/*{~ using 384 million BB pairs [82,83] and obtained
consistent results, except that they measure a large negative isosipn asymmetry in the low ¢?
region while Belle observes no significant isospin asymmetry.

4.8 B — 71U,

In the Standard Model, the purely leptonic decay B~ — 7~ U, proceeds via annihilation of
b and w quarks to a W~ boson. It provides a direct determination of the product of the
B meson decay constant fp and the magnitude of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix element |V,;|. Physics beyond the Standard Model, such as supersymmetry or two-Higgs
doublet models, could modify B(B~ — 77 ;) through the introduction of a charged Higgs boson
(see Sect. 2.5.2 and [84]).

Belle has reported the first evidence of B~ — 77, decay using 449 million BB pairs [85].
Since the B~ — 77y decay involves at least two neutrinos which are not detected, it is not
possible to reconstruct the decay in the same way as the other exclusive B decays. Therefore,
detecting B~ — 77, is experimentally quite challenging. To overcome this difficulty, one of
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Figure 4.14: Epcy, distributions in the data, using the hadronic tagging (left). The data and
background MC samples are represented by the points with error bars and the solid histogram,
respectively. The solid curve shows the result of the fit with the sum of the signal (dashed curve)
and background (dotted curve) contributions. Same distribution for events with semileptonic
tagging (right). The points with error bars are data. The hatched and open histograms are the
background and the signal, respectively.

the B mesons (tag side, Byag) in the event is fully (hadronic tagging) or partially (semileptonic
tagging) reconstructed, and the properties of the remaining particles (signal side, Bsjg) are
compared to those expected for signal and background. The method allows one to suppress
strongly the combinatorial background from both BB and continuum events.

The By, candidates are reconstructed in the hadronic decay modes, BT — DWWt D0yt
D)0 and Do pit (hadronic tagging method) [85]. In the events where a By, is recon-
structed, we search for decays of B into a 7 and a neutrino. The 7 lepton is identified in the five
decay modes, u~vyVy, € Vely, T U7, 7~ 7%, and 7~ 7wt 7w v,, which taken together correspond
to 81% of all 7 decays. The most powerful variable for separating signal and background is the
remaining energy in the ECL (Fgcr), which is a sum of the energy of photons that are not asso-
ciated with either the Biag or the 7° candidate from the 7= — 77, decay. Figure 4.14 (left)
shows the Egcr, distribution when all 7 decay modes are combined. One can see a significant
excess of events in the Frcr, signal region below Frcr, < 0.25 GeV. The maximum likelihood fit
gives 17.2 fg:g signal yield in the signal region with a significance of 3.50 (including systematic
eITors).

Belle has also reported the result on B~ — 7~ v, decay with a semileptonic tagging method
using 657 million BB pairs [86], where B~ — D*%/v and B~ — D% decay modes are used as
Biag. Three 7 decay modes ( =, vy, € Uy, and 7~ v, ) are used. The signal yield is extracted
from the fit to the Fgcr, distribution (see Fig. 4.14 (right)) as done in hadronic tagging method.
We obtain 154J_r§g signal yield with a significance of 3.80 and the branching fraction is

B(B~ — 777,) = (1.65 1035 1035y x 1074, (4.16)
From this value, fp - |V = (9.7 + 1.1 T11) x 107* GeV is determined. Using the value of

[Vip| = 3.99 1535 from Ref. [4], we obtain fz = 0.242 7002 4+ 0.033 GeV.
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Although the signals are not significant, BaBar reported consistent results, B(B~ — 77 ;) =
(1.8 7094+ 0.4) x 107 [87] and B(B~ — 77 7,) = (1.8 £0.8 £ 0.1) x 10~ [88)].

Belle’s results represent the first evidence of the pure leptonic B decay and also of the
B decay mode with multiple neutrinos. Successful detection of signal yield demonstrates the
advantage of the hadronic and semileptonic tagging techniques and encourages to explore other
similar decay modes and improved measurement with larger data sample in the future.

4.9 Prospects

The above mentioned measurements as well as other measurements will be updated with im-
proved accuracy using a full data sample accumulated by the Belle detector. The value of sin 2¢;
will be measured with an accuracy with less than 4% using b — c¢s processes with Belle data
alone (~ 3% combined with BaBar measurement). Though the uncertainties are still large,
¢ and ¢3 started to be measured using 400 to 657 million BB pairs. The accuracies will be
improved using the final data set. Together with some improvement in |V| and |V,;| measure-
ments, the tension between sin2¢; and |V,;| (see Fig. 2.2), which is barely seen in the current
measurements, may become more clear. More decay modes sensitive to new physics will be
searched and established.

We have started to measure some of the observables that are sensitive to new physics and
have not been measured in past, such as the forward-backward asymmetry of lepton-pairs in
B — K®¢ty~ time-dependent C'P-violation of radiative decays, and others. If the effect of
new physics is large, it may be revealed; one example is the current indication of the CP-
violation in B? — d)Kg decays if the central value remains as currently measured. However, the
confirmation of any new physics effect and the understanding of its nature will require much
larger data samples, which will be the primary goal of the proposed SuperKEKB and upgraded
Belle detector.
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Chapter 5

Sensitivity at SuperKEKB

5.1 Overview

5.1.1 Goals of sensitivity studies

As described in Chapter 1, the primary purpose of SuperKEKB is to perform a comprehensive
study of B decays governed by quark transitions induced by quantum loops, where sizable effects
from physics beyond the Standard Model are expected. If the study leads to a conclusion that
an observed pattern is inconsistent with the Standard Model expectation, we further proceed to
identify underlying flavor structure.

One of major goals of sensitivity studies is to clarify the meaning of the statement above
quantitatively. To this end, we estimate statistical, systematic and theoretical errors on key
observables at SuperKEKB. The target luminosity of SuperKEKB is 8 x 103 ¢cm™2s~!, which
corresponds to an annual integrated luminosity of 8 ab~! assuming 100 days of operation (i.e.
the Snowmass year definition). We estimate expected errors at 5 ab~!, which is expected
to be accumulated within a year, to describe what will be achieved at an early stage of the
SuperKEKB experiment. We also provide errors at 50 ab™! as ultimate measurements that can
be performed at SuperKEKB. Note that our experience at the Belle experiment tells that an
integrated luminosity can be even larger if we achieve the design instantaneous luminosity.

There are a huge number of observables that can be measured at SuperKEKB. It is not
the main purpose of our sensitivity studies to cover all of them. Instead, our strategy is to
concentrate on observables that are indispensable to reach the primary goal mentioned above.
The following points are considered to select such observables:

e A sizable deviation from a prediction of the Standard Model is expected.
e A hadronic uncertainty is negligible or very small.

e A measurement at SuperKEKB has a clear advantage to those at other facilities such
as LHCb whose expected physics performance is regarded as the benchmark of next-
generation B physics programs at hadron colliders.

At SuperKEKB we expect a level of the beam-induced background that is about 20 times
larger than what we currently observe at Belle. Our investigation leads to a conclusion that
under such conditions there is a feasible detector design that guarantees performance equivalent
to the present Belle detector [1]. Therefore, throughout our studies, we assume a detector
that has the same performance as the present Belle detector unless otherwise noticed. Any
possible gain from an improved detector performance is regarded as a bonus in this report, and
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our aim is to demonstrate that most physics goals at SuperKEKB are achieved even without
an improvement in the detector performance. One important exception, however, is B meson
vertex reconstruction using the Kg. Here we clearly need to introduce a larger vertex detector
to increase vertex reconstruction efficiencies. Therefore we incorporate the proposed detector
design in this case.

One of the biggest advantages of the sensitivity studies for SuperKEKB compared with those
for hadron collider experiments is that we can fully utilize information obtained by analyzing
Belle data. In particular, many of studies described in this chapter rely on Monte Carlo pseudo-
experiments (also called “toy Monte Carlo experiments”) in which PDFs are constructed from
data. A clear advantage of this approach over genuine Monte Carlo simulations (e.g. GEANT
simulation) is that background fractions and detector resolutions are more reliable. For some
topics for which pseudo-experiments are not available, however, we also use GEANT simulation
and/or FSIM, a parametric Monte Carlo simulator that requires much less CPU power than
GEANT.

In the rest of this section we overview two important analysis techniques that are used
repeatedly in our studies. One is the procedure to fit a proper-time difference distribution
for a time-dependent C'P asymmetry measurement. The other is to reconstruct one B meson
exclusively (or semi-inclusively) so as to study decays of an accompanying B meson in the
cleanest environment. This is called “full reconstruction B tagging”.

5.1.2 Time-dependent C'P asymmetries

In the decay chain Y(4S) — B°BY — fop ftag, Where one of the B mesons decays at time tcp
to a final state fcp and the other decays at time ti,; to a final state fi., that distinguishes
between BY and B, the decay rate has a time dependence given by [2-4]

oAt/ 0

P(At) = {1 +q- [S sin(AmgAt) + ACOS(AmdAt)} }, (5.1)

47’30

where 750 is the B lifetime, Amy is the mass difference between the two B? mass eigenstates,
At = top — tiag, and the b-flavor charge ¢ = +1 (—1) when the tagging B meson is a BY (B?).
S and A are CP-violation parameters. For example, to a good approximation, the Standard
Model predicts S = —£; sin 2¢1, where £ = +1(—1) corresponds to C'P-even (-odd) final states,
and A = 0 for both b — cés and b — s3s transitions.

We determine ¢ and At for each event. Charged leptons, pions, kaons, and A baryons that
are not associated with a reconstructed C P eigenstate decay are used to identify the b-flavor of
the accompanying B meson. The tagging algorithm is described in detail elsewhere [5]. We use
two parameters, ¢ and r, to represent the tagging information. The first, g, is already defined
above. The parameter r is an event-by-event Monte Carlo-determined flavor-tagging dilution
parameter that ranges from r = 0 for no flavor discrimination to r = 1 for an unambiguous flavor
assignment. It is used only to sort data into six intervals of , according to estimated flavor purity.
We determine directly from data the average wrong-tag probabilities, w; = (wl+ +w,)/2 (I =
1,6), and differences between BY and B° decays, Aw; = wl+ — w; , where w;r(_) is the wrong-
tag probability for the B°(B°) decay in each r interval. In some analyses, we remove events
with very small r values to ensure the quality of tagging. The event fractions and wrong-tag
fractions are summarized in Table 5.1. The total effective tagging efficiency is determined to
be €5 = S0 (1 = 2w;)? ~ 0.30, where ¢ is the event fraction for each r interval. The error
includes both statistical and systematic uncertainties.
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r interval € wy Awy ele I
0.000 — 0.250 0.398 0.464 £0.006 —0.011 +£0.006 0.002 £ 0.001
0.250 — 0.500 0.146 0.331 £0.008 +0.004 +0.010 0.017 4+ 0.002
0.500 — 0.625 0.104 0.231 £0.009 —0.011 £0.010 0.030 4 0.002
0.625 — 0.750 0.122 0.163 £0.008 —0.007 +0.009 0.055 4 0.003
0.750 — 0.875 0.094 0.109 £ 0.007 +0.016 £0.009 0.057 4 0.002
0.875 - 1.000 0.136 0.020 £0.005 +0.003 +0.006 0.126 4 0.003

S TR W N P~

Table 5.1: A typical example of the event fractions ¢;, wrong-tag fractions w;, wrong-tag fraction
differences Aw;, and average effective tagging efficiencies eg = €1(1 — 2w;)? for each r interval
at Belle. The errors include both statistical and systematic uncertainties. The event fractions

are obtained from the J/1 K9 simulation.

The vertex position for the fop decay is reconstructed using leptons and charged hadrons,
and that for fi,s is obtained with well reconstructed tracks that are not assigned to fop. Tracks
that are consistent with coming from a Kg — w7~ decay are not used. Each vertex position
is required to be consistent with the interaction region profile, determined run-by-run, smeared
in the r-¢ plane to account for the B meson decay length. With these requirements, we are
able to determine a vertex even with a single track; the fraction of single-track vertices is about
10% for z¢cp and 22% for z¢ag. The proper-time interval resolution function Rsig(At) is formed
by convolving four components: the detector resolutions for zcp and zyag, the shift in the
Ztag Vertex position due to secondary tracks originating from charmed particle decays, and the
kinematic approximation that the B mesons are at rest in the cms [6]. A small component
of broad outliers in the Az distribution, caused by mis-reconstruction, is represented by a
Gaussian function. We determine fourteen resolution parameters from the aforementioned fit to
the control samples. We find that the average At resolution is ~ 1.43 ps (rms). The width of
the outlier component is determined to be (39 & 2) ps; the fractions of the outlier components
are (2.1£0.6) x 10~ for events with both vertices reconstructed with more than one track, and
(3.140.1) x 1072 for events with at least one single-track vertex.

We determine S and A for each mode by performing an unbinned maximum-likelihood fit to
the observed At distribution. The probability density function (PDF) expected for the signal
distribution, Pse(At; S, A, ¢, wy, Awy), is given by Eq. (5.1) incorporating the effect of incorrect
flavor assignment. The distribution is also convolved with the proper-time interval resolution
function Rgig(At), which takes into account the finite vertex resolution. We determine the
following likelihood value for each event:

P = (1 - fol)/_ [fsigpsig(At/)Rsig(Ati - At’)
+ (1= fsig)Pokg (A) Roxg (At; — At') | d(AY)
+ fOlPOI(Ati) (52)

where P,(At) is a broad Gaussian function that represents an outlier component with a small
fraction f;. The signal probability fs, depends on the 7 region and is calculated on an event-
by-event basis as a function of AE and M. Pprg(At) is a PDF for background events, which
is modeled as a sum of exponential and prompt components, and is convolved with a sum of
two Gaussians Rpye. All parameters in Ppy(At) and Ry, are determined by the fit to the
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Decay mode Motivation

B — X, lv Precise measurement of |V|
B — v Measurement of fg
B — Kvv, Dtv Search for new physics

Inclusive B decays | Detailed study, model independent analysis etc.

Table 5.2: Physics topics that will be studied with the fully-reconstructed B sample.

At distribution of a background-enhanced control sample; i.e. events away from the AFE-Mj,
signal region. We fix 7go and Amy at their world-average values. The only free parameters
in the final fit are S and A, which are determined by maximizing the likelihood function L =
II; Pi(At;; S, A) where the product is over all events.

5.1.3 B tagging with full reconstruction

At SuperKEKB, BB meson pairs will be produced from Y(4S5) decays. To study B meson
decays that include neutrinos, photons, 7 mesons in the final states, it is useful to tag one of
the B mesons through the full reconstruction. This method has the following attractive features:

e The momentum vector and flavor of the other B meson can be identified, i.e. single B
meson beams can practically be obtained offline.

e Continuum and combinatoric BB backgrounds can be significantly reduced.

If we take advantage of these features, it will be possible to measure the B decays listed in Table
5.2. Some of these decays have more than one neutrino in the final states. Therefore, it is very
difficult to perform such studies even in the clean environment of eTe™ collider unless the full
reconstruction B tagging is applied.

Because of the modest full reconstruction efficiency [0(0.1%)], this method has not been
extensively applied at the current B factory experiments. However, a very large B meson
sample at SuperKEKB will make it possible to extract useful results.

Hadronic B Tagging

Most B meson decays are hadronic decays. However, the branching fraction of each mode is
less than O(1%). Therefore, we need to collect as many modes as possible to achieve a high
efficiency. In Fig. 5.1, the beam-constrained mass distribution for the main decay modes,
B — D& (m,p,a1)”, are shown. The yields including other decay modes are also shown in
Table 5.3. With a 152 million BB sample, we already have a sample of more than 10° fully-
reconstructed B meson tags. The tagging efficiency is 0.20% (0.09%) for charged (neutral) B
mesons with a purity of 78% (83%) [7].

The tagging efficiency can be improved largely by loosening selection criteria. In this case,
however, the purity becomes lower. Therefore the best selection criteria should be searched
for in each analysis. In the case of hadronic B tagging mentioned above, we achieve a tagging
efficiency of 0.33% (0.20%) for charged (neutral) B mesons with a purity of 58% (52%).

If a B meson is reconstructed semi-inclusively, we can further improve the efficiency. At
BaBar, the B — D(*)(nlﬂingKin3K5n47T0)_ process is reconstructed, where ny + ng < 5,
n3 < 2 and ng < 2. As a result, the higher efficiency, 0.5 (0.3) % for charged (neutral) B
mesons, is obtained. However, due to combinatoric backgrounds, the purity is only around
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decay mode yield | eff. (%) | purity(%)
Charged B | B~ — D07 p,a;)~ 132723 | 0.17 79
B~ — DW= 8700 0.01 60
B~ — J/YK~ 9373 0.01 96
total 150796 | 0.20 78
Neutral B | BO — D®* (7, p,a;)” 56898 0.07 85
B0 — DM+ pH)= 4390 | 0.006 60
BY — (J/1,9(25), xc1)Ks, J/YK™ | 7275 0.01 94
total 68563 0.09 83

Table 5.3: Full reconstructed B events for hadronic modes with 152 million BB sample.

25 %. These samples are used for the |V,;| measurement using B — X,lv decays, where the
background can be reduced by requiring a lepton in the recoil side [8,9].

Semileptonic B tagging

If we use semileptonic B decays to tag one B meson, we cannot use information about the B
momentum vector due to the missing neutrino. However, we still have relatively clean tagged
samples. Semileptonic B decays are dominated by B — Dlv and D*lv, with a total branching
fraction of around 15%. At Belle, these samples were used for a |V,;| measurement with inclu-
sive B — X, lv decays. If we require a semileptonic decay on the recoil side, we can apply a
kinematical constraint, and the B momentum vector can be determined with a two-fold ambi-
guity. The background contribution is significantly suppressed in this case. This method yields
a B — D*lv efficiency of 0.3 (0.2)% for charged (neutral) B decays [10].

It is also notable that we include other B — DXlv decays as B tags in the DIlr mode,
because the signal in the missing mass spectrum is too broad for separation. The missing mass
distribution for B~ — D°lv is shown in Fig. 5.2. The full reconstruction tagging efficiency
is estimated to be 1.7% including the contribution from the B~ — D™y decays of around
15% [7]. Other background is mostly combinatoric. Although the tagging quality is not good
in this case, it is still useful for the study of rare B decays with low track multiplicities in the
final states. In BaBar, this method was used to search for the B — Kvv and 7v decays [11,12]
to provide improved upper limits.

Conclusions

In summary, the tagging efficiency will be around 0.2% (0.1%) for the clean hadronic tagging
for charged (neutral) B mesons, and around 1% for the semileptonic B tagging that has a lower
purity. The efficiency for the hadronic tagging can be around 0.3% (0.2%) if we loosen the
selection criteria, with a tolerable decrease in the purity of the tagging.

With a 1 ab™! of data, there will be at least 2 million clean tags and around 10 million
semileptonic tags. With these samples, the physics topics listed in Table 5.2 will be studied.
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Figure 5.1: Beam-constrained mass distribution for B — DW (7, p,a;)” with the 152 million
BB sample recorded by Belle.
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Figure 5.2: Missing mass squared distribution for B~ — D°lv with a sample of 85 x 10 BB
pairs.
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5.2 New (' P-violating phase in b — sqq

5.2.1 Introduction

Despite the great success of the KM mechanism, additional C'P-violating phases are inevitable
in most theories involving new physics (NP) beyond the SM [13]. Some of them allow large
deviations from the SM predictions for B meson decays. Examples include supersymmetric
grand-unified theories with the see-saw mechanism that can accommodate large neutrino mix-
ing [14-16]. Therefore it is of fundamental importance to measure C'P asymmetries that are
sensitive to the difference between the SM and NP. Additional sources of C'P violation are also
highly desirable to understand the origin of the matter-antimatter asymmetry of the universe;
detailed studies have found no way that C'P violation in the SM alone could explain baryoge-
nesis [17]. Many methods to search for a new source of C'P violation in B meson decays have
been proposed up to now. One of the most promising ways is to compare the mixing-induced
CP asymmetries in the B — qﬁKg decay [18], which is dominated by the b — s§s transition
that is known to be sensitive to possible NP effects, with those in the B® — J/¢ K2 decay [3,4].
Ignoring a strong phase difference between the amplitude of NP (Axp) and SM (Asm)!, we
obtain

sin 2¢1 + 2psin(2¢1 + Onp) + p?sin(2¢1 4 20np)

1+ p2 + 2p cos Onp

where p = Anxp/Asym is an amplitude ratio of NP to the SM. Since SJ/ng ~ gin 2¢ is expected

in many extensions of the SM, the difference AS¢Kg = (_5f)S¢K§ — SJ/¢K§ is a gold-plated
observable to search for a new C'P-violating phase. The other gold-plated modes mediated by
the b — sqq are B — 7K and B — KJK2K?.

Recent measurements by Belle [19] and BaBar [20,21] collaborations show the smaller values
than the SM expectation. The present S measurements in b — sgq modes by Belle and BaBar
and the world average of S in b — c¢¢s given by HFAG [22] are summarised in Figure 2.6. Though
each § value for b — sgg mode is not significantly different from the S in b — c¢s that is the SM
expectation, the b — sgq values tends to be lower than the SM expectation. Possible theoretical
implications of these measurements are already discussed in Section 3.4.

In this section we describe the expected sensitivities for S(¢KY), S(n'K°) and S(K3K2KY)
based on the measurements performed with the present Belle detector. While this section
describes measurements of quasi two-body decays, the next section describes the more involved
decay time dependent Dalitz plot analyses. It will be crucial to measure as many observables
as possible and to check correlations among them. Therefore we also describe several other new
methods to access a new C'P-violating phase in the b — s transition.

5.2.2 B — ¢K% nK° and B' —» K{KJK?

As mentioned in the previous section, the B? — qﬁKg BY — ¢ Kg and B? — KgKgKg decays
are the most promising decays in which to search for a new CP-violating phase in b — sqq
transitions. As most of the experimental procedure for these modes is common, we discuss them
here together. Note that the theoretical uncertainties for AS within the SM depend on the
decay mode. We discuss this issue in Section 5.2.5.

We estimate the expected sensitivities at SuperKEKB by extrapolating the present experi-
mental results. Therefore we first explain Belle’s analysis with a data sample of 492 fb=! [19].

!The formula with the strong phase is given in Section 3.4 [Eq. (3.23)].
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We reconstruct BY decays to QSKg and 7’ Kg final states for {y = —1 and dKY, K9 and
KgKgKg final states for £ = +1. The decays BY — ¢Kg and QSK% are combined by redefining
S as —§;S to take the opposite C'P eigenvalues into account and are collectively called “BO
¢K"”. Similarly, CP asymmetries for “B° — /K% is obtained by combining the decays
BY — /KY and n KY.

The intermediate meson states are reconstructed from the following decays: ©° — 7, Kg —
777~ (denoted by K& ) or m7% (denoted by K2°), n — vy or 7+ 7,0 — pdy
or nrtw~, and ¢ — KTK~. We use all combinations of the intermediate states with the
exception of {n — 777~ 7% n — py} candidates for B® — {5/ K2, 7' K9} decays, respectively.
In addition, ¢ — K;F_Kg decays are used for the BY — ¢K§_ sample. We reconstruct the
BY — KgKgKg decay in the K;_Kg_Kg_ or K;_K;f_KgO final states.

Pairs of oppositely charged tracks are used to reconstruct Kg — w7~ decays. The w7~
vertex is required to be displaced from the IP by a minimum transverse distance of 0.22 cm
for high momentum (> 1.5 GeV/c) candidates and 0.08 cm for those with momentum less than
1.5 GeV/c. The direction of the pion pair momentum must agree with the direction defined by
the IP and the vertex displacement within 0.03 rad for high-momentum candidates, and within
0.1 rad for the remaining candidates.

To select Kg — 7979 decays, we reconstruct 7° candidates from pairs of photon candidates
identified as isolated ECL clusters with £, > 0.05 GeV, where E,, is the photon energy measured
with the ECL. Candidate Kg — 7970 decays are required to have an invariant mass between
0.47 GeV/c? and 0.52 GeV /c?, where we perform a fit with constraints on the K vertex and the
70 masses. We also require that the distance between the IP and the reconstructed Kg decay
vertex be larger than —10 cm, where the positive direction is defined by the Kg momentum.

We select K candidates from ECL and/or KLM hit patterns that are consistent with the
shower induced by a Kg meson. We also require that the cosine of the angle between the Kg
direction and the direction of the missing momentum of the event in the laboratory frame be
greater than 0.6.

Candidate ¢ — KK~ decays are found by selecting pairs of oppositely charged tracks that
are not pion-like (P(K/m) > 0.1), where a kaon likelihood ratio, P(K/7) = Lk /(Lkx + L),
has values between 0 (likely to be a pion) and 1 (likely to be a kaon). The likelihood Lg () is
derived from dFE/dx, ACC and TOF measurements. The vertex of the candidate charged tracks
is required to be consistent with the interaction point (IP) to suppress poorly measured tracks.
In addition, candidates are required to have a K™ K~ invariant mass that is less than 10 MeV /c?
from the nominal ¢ meson mass.

To reconstruct 1’ candidates, we first require that all of the tracks have radial impact pa-
rameters |dr| < 0.1 cm projected on the 7-¢ plane. Candidate photons from 7., (1) decays
are required have E, > 50 (100) MeV. The invariant mass of 7,, candidates is required to be
between 500 MeV/c? and 570 MeV/c?. A kinematic fit with an 7 mass constraint is performed
using the fitted vertex of the 7+~ tracks from the 1’ as the decay point. 7° candidates are
reconstructed from pairs of photons with £, > 50 MeV and required to have invariant mass
with in 0.118 GeV/c?* < M., < 0.15 GeV/c?>. The 777~ 7" invariant mass is required to be
between 0.535 and 0.558 GeV/c? for the n — 777~ 70 decay. For 77,,07 decays, the candidate p°
mesons are reconstructed from pairs of vertex-constrained 77~ tracks with an invariant mass
between 550 and 920 MeV /c2. The ' candidates are required to have a reconstructed mass from
940 to 970 MeV/c? for the 77;7(77)7”7 mode, from 950 to 966 MeV /c? for the 77;7 mode,

and 935 to 975 MeV /c? for 7, mode.
For reconstructed B — fop candidates, we identify B meson decays using the energy differ-

ence AE = ES™ — EX™ and the beam-energy constrained mass My, = /(E22S )2 — (p3™)2,

0

=70, p0 — 7t

(rtn— 7m0
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Mode & Nsig Statistical error

S A
K —1 3100 0.073 0.050
oK? +1 1200 0.178 0.121
K" Total 4300  0.067 0.046
K3 —1 14400 0.033 0.023
n K9 +1 4600  0.075 0.050
7' K° Total 19000 0.030 0.021

KJKJKY +1 1900 0.100 0.063

Table 5.4: Expected numbers of BY — fop signal events, Nsig, for each fop mode at 5 ab™ 1.

where Ep2” is the beam energy in the cms, and EZ™ and p3Z"™ are the cms energy and mo-
mentum of the reconstructed B candidate, respectively. The B meson signal region is defined
as |AE| < 0.06 GeV for B — ¢KI~, |AE| < 0.06 GeV for B — /(= py)K{~, —0.10
GeV < AE < 0.08 GeV for BY — n/(— nta n(yy))Kd ™, —0.08 GeV < AE < 0.06 GeV for
B — nf(— atrp(rtraY)KE™, |AE| < 0.10 GeV for B — K{™"K{™K{™, —0.15 GeV
< AFE < 0.1 GeV for modes including K2, and 5.27 GeV/c?> < M. < 5.29 GeV/c? for all
decays. In order to distiuguish background from the ete™ — u@, dd, s3, or ¢¢ continuum,
we form signal and background likelihood functions, £g and Lpg, from a set of variables that
characterize the event topology, and calcualte the likelihood ratio Lg/(Ls + Lpg)-

The vertex reconstruction, flavor tagging and the unbinned maximum likelihood fit to the
At distributions are the same as those described for the sin 2¢; measurement (Section 5.6) with
BY — J/yYK° decays. By using the identical procedure for both cases, we can reduce the
systematic uncertainties in the differences ASyg0 = Syo — Sy 0 ete.

After flavor tagging and vertex reconstruction, we expect the signal yields listed in Table 5.4.

Expected statistical errors on S and A extrapolated from the unbinned maximum likelihood
fit results with the Belle 492 fb~1 data are also shown in Table 5.4. It is seen that errors are
rather small even for these rare B decays. Hence systematic uncertainties become crucial.

Major sources of the systematic uncertainties on S and A are common to those for B® —
J/WKY, which will be described in Section 5.6. An additional systematic error for B — ¢K
arises from the non-resonant KK _Kg and B — fng backgrounds. These background
fractions are estimated with the current Belle data from the Dalitz plot for B — KTK~ K to be
2.75 + 0.14% and consistent with zero within error, respectively. We assume that the errors on
these fractions will be reduced as the integrated luminosity increases. We also assume that the
C P-violating parameters for these decays are also determined experimentally with errors that
will also decrease as the integrated luminosity increases. Therefore, the systematic errors on S
and A due to these backgrounds are also assumed to be reducible.

Some of the systematic errors cancel when we calculate AA or AS. For example, the effect
of the tag-side interference that dominates the systematic error for A cancels in AA,go since it
causes a bias in the same direction for Syxo and Sy o measurements. Because the systematic
bias from the tag-side interference does not cancel between A4 KKK and A /4o, which have

different C'P contents, we use information from B — J/¢K? decays to calculate AAKg KOKY

to reduce this uncertainty. Otherwise we use B® — JiyK° decays to estimate AS and AA.
Figure 5.3 shows the resulting total errors on AS as a function of integrated luminosity.
Table 5.5 also shows the corresponding values at 5 ab™! and 50 ab™".
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Figure 5.3: Expected total errors on AS as a function of integrated luminosity.

Mode 5ab~! 50 ab~!

AS  AA | AS AA
K 0.073 0.049 | 0.029 0.018
7 K° 0.038 0.026 | 0.020 0.012
KIKYKY | 0.105 0.067 | 0.037 0.024

Table 5.5: Expected total errors on AS and AA at 5 ab~! and 50 ab™!,
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Figure 5.4: Raw asymmetries for BY — ¢K2 (closed circles) and B® — J/¥K2 (open circles)
at 5 ab™! (left) and at 50 ab™! (right). Input values are Spry = +0.39 and Aqug = 0 for
BY — K",

Based on the above estimates, we perform Feldman-Cousins analyses to obtain 5o discovery
regions at 5 ab™! and at 50 ab™—! in the 2-dimensional plane of A and S. Results are shown in
Figure 5.5. Figure 5.4 shows an example of a fit to events in a MC pseudo-experiment for the
BY — ¢K2 and J/9 K decays at 5 ab~! and 50 ab™!, where the input value of S(¢K9) = +0.39
is chosen to be the world average value of the S term for B® — ¢K°. At SuperKEKB, even a
small deviation of AS ~ 0.1 can be established with a 5o significance as far as the statistical and
systematic errors are concerned. Therefore it is important to understand levels of theoretical
uncertainties within the SM very well. This issue will be discussed in Section 5.2.5.

5.2.3 Time-dependent Dalitz plot analysis of B® — ¢K2

In the previous section quasi two-body time-dependent C'P analyses were performed on B —
¢K°. However, a two-body approach to this mode is not ideal due to interference with other
resonances as well as non-resonant decays into the same final state K™K~ Kg. These effects can
be taken into account with a time-dependent Dalitz plot analysis. In addition, the interference
terms in some cases may be sensitive to the cosine of the effective weak phase difference ( 'ff ! )
in mixing, potentially resolving the two-fold ambiguity in dfff ! , characteristic of quasi two-body
analysis.
The two independent variables of the Dalitz plot are the invariant squared masses,

s+ = (p+ +po)?, (5.4)

where p,, p_ and pg denote the four-momentum of K, K~ and Kg, respectively. The third
variable, s = (py + p_)?, can be obtained from the 4-vector conservation:

80 = myo + 2mr. + m%(g — Sy —S_. (5.5)
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Figure 5.5: 50 confidence regions for A and S in (left) B — ¢K9, (middle) B® — KTK~ K,
and (right)B° — 7/K9 decays at 5 ab~! (larger dashed/blue ellipse) and 50 ab™! (smaller
dashed/red ellipse). Input values are S = 0.73 and A = 0.

The differential B® decay width with respect to the Dalitz variables is

1 AP
(2m)3 32mi,

dl'(B' - KTK~KY) = ———dsyds_, (5.6)
where A is the Lorentz-invariant amplitude of the decay. In the isobar approximation, the total
amplitude of B%(B%) — KTK~ K2 is written as the sum of various intermediate Breit/Wigner
resonances contributing to this final state,

A(sy,s ZaF sy,5_), A(s_,sy) ZaF S_,84), (5.7)

where a} = a;e’ i are complex coefficients describing the relative magnitudes and phases between

the decay channels and carry the weak phase dependence. The Dalitz-dependent amplitudes,
F;(s4,s_) contain only strong dynamics and thus Fj(sy,s_) = F;(s—,s4+). They can be ex-
panded in terms of invariant mass and angular dependence,

Ff(sq,5-) = XP(0") x XP(@) x ZF(5,@) % Ri(s,s-), (5-8)

where p'* is the momentum of the bachelor particle in the BY rest frame, p’ and ¢ are the momenta
of the bachelor particle and one of the resonance daughters in the resonance frame, respectively,
L is the orbital angular momentum between the resonance and the bachelor particle, while XiL
are the Blatt-Weisskopf barrier factors [23]. The angular distribution, Z(p, ) depends on L,

Zpq =1
ZHp.q) = —4p- q. (5.9)

The mass shapes are denoted as R;(s,s—) which differ depending on the decay channel. We
use the Relativistic Breit-Wigner (RBW) [24] and Flatté [25] line shapes. The non-resonant
component is empirically modeled by the sum of three exponential functions as described in the
previous time-integrated Dalitz plot analysis of the BT — K™K~ K™ decay from Belle [26].
Table 5.6 summarizes the resonances considered in the B — K+ K~ K signal model, which
was motivated by the time-integrated Dalitz plot analysis of the BT — KTK~K™ decay [26].
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Table 5.6: Summary of the resonances considered in the B — K+K _Kg signal model.

Resonances Fixed parameters (GeV)  Form Factor, R;(sy,s—) L
fo M = 0.965 + 0.010 [28] Flatté 0
gr = 0.165 £ 0.018
gic = (4.21 £ 0.09)gx

p M = 1.019455 £ 0.020 [24] RBW 1
T = 0.00426 4 0.00004
x M = 1.524 % 0.014 [26] RBW 0
I = 0.136 + 0.023
Xc0 M = 3.41475 + 0.00035 [24] RBW 0
T = 0.0104 = 0.0007
(K+K_)NR e_aso
(K$KT)NR ast
(K$K)NR e

The fx resonance with unknown spin that appears in the table was first introduced in Ref. [26]
and was also considered in the analysis by BaBar [27] in order to account for a wide enhancement
of signal events observed at M(KTK~) ~ 1.5 GeV/c?. Since it is best described as a scalar we
assume the spin of fx to be 0.

The decay of the YT(4S) produces a B’B® pair of which one (fcp) may be reconstructed
as K™K~ K2 while the other (fiag) may reveal its flavor. Since the C'P eigenvalue of KY is
ncp = +1, the time-dependent decay rate is given by

oAt /750

AAL ) =
TRO

(AP +[A*) = q(|A]* — [A[*) cos AmaAt (5.10)
+2¢qIm(AA*) sin AmgAt|, (5.11)

where no C'P violation in mixing, |¢/p| = 1, is assumed.

The Dalitz-dependent amplitudes, A, were previously defined in Eq. 5.7 and we choose a
convention where the B’BY phase of ¢q/p is absorbed into the BY decay amplitude, @;. These
complex coefficients can be redefined in a way that parametrizes the direct and indirect C'P

violation,
a = a;(1 + ¢;)e’bitdi) (5.12)
for A and
a; = a;(1 — ¢;)e’bi=%) (5.13)
for A. Thus an intermediate state i exhibits a direct C'P violation asymmetry given by
2

I o e L

ClaP e 14

Ali) (5.14)

where ¢;’s are restricted by its definition to lie between -1 and 1.

For an intermediate C'P eigenstate the CKM angle, 'ff I (1), is expressed by a fitted parameter

arg(a;a;*)

) = =d; , (5.15)
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and its effective mixing-induced C'P violation asymmetry is calculated as

—2Im(ajay) 1 c? in 2657
ai|? + |al]? 1+ ¢? !

—n;S(1) = (7). (5.16)
Here n; is the C'P eigenvalue of the final state. Note that A(i) and S(i) are restricted by these
definitions to lie in the physical region.

We estimate the expected sensitivities at SuperKEKB by extrapolating the present experi-
mental results [29].

The main contributions to the systematic uncertainties are originating from the background,
the vertex reconstruction and the wrong tag fraction as well as the Dalitz model. With a
larger integrated luminosity, some of the systematic uncertainties can be reduced. We estimate
the uncertainties and treat the reducible and irreducible systematic sources separately. The
uncertainties due to the vertex reconstruction, At resolution function parametrization and tag-
side interference are included in the former, while the remaining sources belong to the latter.

We calculate the experimental uncertainties as a function of integrated luminosity as shown
in Fig. 5.6. At an integrated luminosity of 5 ab™!, the uncertainty of dffff in the BY — d)Kg
decay is reduced to 3.3°. By converting 5¢if I to 08, the experimental uncertainty of S in
BY — QSKg is found to be ~ 0.10. At the integrated luminosity of 50 ab~! we could measure
¢iff in the BY — d)Kg decays with an accuracy of 1.5°.

50, (deg.)

\\\\‘\\\\;\\\\‘\\\\‘\“L“W

PR

1 1

O
Q
2,
|_\;
B E
o

L, (ab™®) 10°

Figure 5.6: Estimated uncertainties as a function of the integrated luminosity in B® — d)Kg
decay. The dotted (red) and dashed (green) curves show the statistical and systematic errors,
respectively. The solid (black) line shows the total error obtained as the quadratic sum of
statistical and systematic errors.
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5.2.4 Bt - ¢pXE

In this section we discuss a new method to study direct C'P violation that arises from a new
C P-violating phase in B* — ¢¢X Si decays [30]. Here X ;t represents a final state with a specific
strange flavor such as K* or K**. These non-resonant direct decay amplitudes are dominated
by the b — s3s3s transition. A contribution from the b — uus transition followed by rescattering
into s5s is expected to be below 1% because of CKM suppression and the OZI rule [30]. In these
decays, when the invariant mass of the ¢¢ system is within the 7. resonance region, they interfere
with the B* — n.(— ¢¢)XF decay that is dominated by the b — cés transition. The decay
width of 7. is sufficiently large [4,31] to provide a sizable interference. Within the SM, this
interference does not cause sizable direct C' P violation because there is no weak phase difference
between the b — s5sss and the b — ccs transitions. On the other hand, a NP contribution with
a new C P-violating phase can create a large weak phase difference. Thus large C'P asymmetries
can appear only from NP amplitudes, and an observation of direct C'P violation in these decays
is an unambiguous manifestation of physics beyond the SM.

Although the same argument so far is applicable to the B¥ — ¢XI decays, there is no
guaranteed strong phase difference that is calculable reliably for these decays. In contrast,
the Breit-Wigner resonance provides the maximal strong phase difference in the case of B¥ —
(6D)mm~my, X + decays. Since present experimental knowledge of the decay rate for b — s3s is
still limited, a large C'P asymmetry up to 0.4 is allowed.

The Belle Collaboration recently announced evidence for B — ¢¢K decays [32]. The signal
purity is close to 100% when the ¢¢ invariant mass is within the 7. mass region. Belle [31] has
also reported the first observation of the B — 7.K*° decay. This implies that other modes
such as BT — n.K*T will also be seen with a similar branching fraction, so that we will be able
to study semi-inclusive B — n.XF transitions experimentally. The semi-inclusive branching
fraction of BT — n.X ;t is not yet measured, but is expected to be comparable to the branching
fraction of the semi-inclusive decay B* — J/9XZF [33-35].

We have performed Monte Carlo simulation for the B¥ — ¢¢pK* decay and estimated
statistical errors on the C'P asymmetry parameter. The procedure and the fit parameters are
the same as those described in [30]. The reconstruction efficiency and the ¢¢ mass resolution
are estimated using a GEANT-based detector simulator for the present Belle detector [36].
We perform an unbinned maximum-likelihood fit to the differential decay rate distribution.
Figure 5.7 shows the 50 search regions at 5 ab™! (dotted line) and at 50 ab™! (solid line), where
2 is the ratio between the NP amplitude and the SM amplitude, and Oyp is the C P-violating
phase from NP. Direct C'P violation can be observed in a large parameter space with significance
above 5o.

Figure 5.8 shows the expected significance of the new phase Onp at 5 ab™! for B¥ — ¢pp K+
decay (r? = 0.5) and for time-dependent C'P violation in the B® — ¢K decay (|Anp/Asm|? =
0.5).

The significance for AS¢K% depends on the sign of ©Onp, which is not the case for the
Bt — ¢¢pK* decay. The sign dependence arises from an asymmetric range for AS,ko; to
a good approximation, we have —1 — sin2¢; < AS < 1 — sin2¢; where sin2¢; = —1—0.6550 +
0.029 4 0.018 [22]. Therefore the B¥ — ¢¢K* decay plays a unique role in searching for a new
C P-violating phase.

Experimental sensitivities can be improved by adding more final states. The technique
to reconstruct Xy, which has been successfully adopted for the measurements of semi-inclusive
B — X ¢ transitions [37], can be used for this purpose. Flavor-specific neutral B meson decays,
such as BY — ¢¢K*°(— K*m~), and other charmonia such as the x. — ¢¢ decay can also be
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Figure 5.7: Expected sensitivities on direct C'P violation in the B¥ — ¢¢ KT decay at 5 ab™!
(dotted line) and at 50 ab™! (solid line). In the regions above the curves, direct C'P violation
can be measured with a 5o significance or larger.
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Figure 5.8: Expected statistical significance of deviations from the SM for direct C'P violation
in the BT — ¢p¢K* decay with 72 = 0.5 (solid line) and for time-dependent C P violation in the
BY — ¢K{ decay with |Axp/Asm|? = 0.5 (dashed line). For each case, significance is calculated
at 5 ab™!.
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included.

5.2.5 Discussion

As discussed in the previous sections, statistical errors in new phase measurements can be at a
few percent level at SuperKEKB. This level of large deviation can easily be observed only with a
single decay channel B — qﬁKg at SuperKEKB. Combining all the available modes described in
the previous sections allows us to measure a deviation of ~ 0.1. At this level, even the SM may
be able to create non-zero values of AS. Therefore it is important to evaluate AS within the
SM. Grossman, Isidori and Worah [38] analyzed the possible pollution in the B® — ¢Kg decay,
which comes from the b — wus transition that contains V,;. They estimate that the pollution
is at most O(A\?) ~ 5%. In addition, they claim that the upper limit of the pollution will be
obtained experimentally from the ratios of branching fractions B(BT — ¢n+)/B(B" — ¢Ky)
and B(BT — K*K*)/B(B° — ¢Kg). This is due to the fact that enhancement of b — ulis
should also be detected in these modes. Therefore they conclude that new physics is guaranteed
if |AS(¢K3)| > 0.05 is established.

For the BY — 1/ K2 decay, London and Soni [39] discussed the tree (b — uus) pollution by
evaluating T' (' Ks)/P(WKs) = T(nKgs)/T(n 7)) x T(x"7~)/P(n'Kgs), and concluded that
manifestation of new physics is established if [AS(n/KJ)| > 0.1 is observed.

The recent calculations based on the frame work of QCD factorization are also given by
Beneke and Neubert [40] for ¢ K2 and 7 K2 and by Cheng, Chua and Soni [41] for K2KJ K.
Cheng, Chua and Soni also estimate the final-state rescattering effects in b — sgq two-body
decays [44]. Williamson and Zupan [42] give AS estimation based on the Soft Collinear Effective
Theory at the leading order in 1/my. They all show the AS in these modes are at the level of
0(0.01).

The above studies aim at providing estimates of the possible deviation within the SM based
on some models of QCD. A different approach has been proposed by Y. Grossman, Z. Ligeti,
Y. Nir and H. Quinn [43]. They do not rely on specific QCD models but instead use SU(3)
relations to estimate or bound the contributions to these amplitudes proportional to V. Vi,
which induce a non-zero S value within the SM. At present, the power of the method is limited
by the uncertainties on branching fractions of charmless two-body decays. As a result, using
measurements as of 2003 they conclude that AS(¢K2) < 0.25 and AS(K2) < 0.36. As mea-
surements improve, these bounds could become significantly stronger. M. Gronau, J. L. Rosner
and J. Zupan [45] give the updated bound for K3 based on the results at ICHEP06 to be
—0.133 < AS(n'KY) < 0.152.

Taking these theoretical considerations into account, we conclude that SuperKEKB can
provide precision measurements of AS up to the limit of hadronic uncertainties, which will be
at a few percent level.
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53 b— sy, b—dyand b— slT(

5.3.1 Introduction

In this section, we discuss the radiative and electroweak processes, b — sy, b — dv, and
b — s¢t¢~. The representative exclusive decay modes for these processes are B — K*7,
B — py and wy, and B — K® 10~ respectively. The radiative process b — s starts at one-
loop order, but still has a relatively large branching fraction because of the non-decoupling effect
of the top quark loop and the large CKM factor Vj, Vi [46]. The other processes, b — dy and
b — s{T¢~, are suppressed with respect to b — s in the SM by two orders of magnitude mainly
due to additional |V;4/Vis|? and aem factors, respectively [47]. One can also consider b — d¢+ ¢~
which is suppressed by four orders of magnitude due to both factors. Since the loop diagrams
can be accommodated by heavy virtual particles, these decay processes are sensitive to new
physics effects that are predicted in extensions to the SM. Moreover, new physics effects could
have different contributions to b — sv, b — dv and b — s¢T¢~ which may be experimentally
distinguished. For example, new physics effects in the b — s(d)y process always appear in the
one-loop or higher diagrams, while there may be a tree-level new physics contribution to the
b — s(d)¢T ¢~ process.

The b — s process was first observed by CLEO in the exclusive decay B — K*~ in 1993 [48],
inclusively measured in 1995, and has been extensively studied by Belle and BaBar. The b — dy
process was observed by Belle in the B — py and B — w7y exclusive modes [49] and confirmed
by BaBar [50]. Measurements of the b — s¢T¢~ process were also led by Belle and followed by
BaBar; Belle first observed the B — K{1{~ exclusive mode [51], then measured the inclusive
B — X (™0~ branching fraction [52], and observed the B — K*{*¢~ decay [53]. Measurements
are not limited to the branching fractions; observables such as ratios of branching fractions,
CP asymmetries, g2 distribution and forward-backward asymmetries, isospin asymmetries, and
angular distributions are useful probes for physics beyond the SM. In particular, the first trial was
performed to fit the Wilson coefficients to the forward-backward asymmetry in B — K*{*T¢~ [54].
Despite the expected sensitivities to new physics in many modes, no measurement has so far
uncovered a possible new physics effect as an inconsistency with SM predictions. These results
already constrain physics beyond the Standard Model severely.

There are still more measurements that have not been statistically possible yet, and even
for those which have been carried out, the measurement errors are still often limited by the
experimental statistics. In many cases, a few orders of magnitude larger data sample is required
to match the precision of SM predictions, and therefore the target integrated luminosity of
SuperKEKB is ideal. These measurements will be essential in order to understand the parity,
chirality and Lorentz structures that may differ from the SM, before, and especially after, the
discovery of new physics elsewhere if not in these decays.

In order to search for or constrain so many predictions from extensions to the SM, a model
independent study is a useful approach. New physics effects may appear as a modification to
the short-distance couplings, which can be expressed as the Wilson coefficients. The b — s
transition is sensitive to the coefficient C'; for the bsvy-coupling and to a lesser extent to Cg for the
bsg-coupling through higher order corrections; the b — s¢™¢~ transition is sensitive to Cy and
Cp for the vector and axial-vector bs¢™ ¢~ -couplings in addition [55]. In a further generalized
approach [56, 57], new physics effects that may affect b — sy can be parametrized by four
types of interactions, which include two types of b — sg interactions and two types of b — sy
transitions. Similarly, there are four Fermi-interactions with the form of the bilinear products
of bs and ¢*¢~. They can be parametrized by 12 types of interactions in B — X ¢*¢~ [56].
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Strong interaction also plays an important role in radiative and electroweak decays. In
the past decade, perturbative QCD corrections to the inclusive B — X,y and B — X /70~
decay rates have been computed for next-to-next-to-leading order (NNLO) to meet or exceed
the experimental precision. The non-perturbative effects due to the Fermi-motion of B meson
also play an important role in the determination of the branching fraction for B — Xgv. The
photon energy spectrum dI'/dE. in b — sy decays has been an excellent tool together with
B — X (v measurements to decode the shape function and to reduce the uncertainties [58-60].
For B — X /¢, the same technique is also applicable, and, in addition, there is a long-distance
effect that comes from the decay chain B — (c¢)Xs — T4~ X [61] where (cc) is a charmoniuum
state such as J/1¢. There is no complete understanding of the long-distance effect which may
be experimentally studied by measuring the dilepton mass distribution near the charmonium
states.

There are many exclusive decays that have been observed. However, in terms of searches
for deviations from SM predictions, exclusive decays suffer from large uncertainties in the form
factors of the hadronic matrix elements. These form factors have usually been calculated us-
ing QCD sum rules, for which no clear idea on how to reduce their errors is available. New
calculations based on lattice QCD have been attempted for B — K*y and B — pv, but the
error is still large and unreliable since one has to make an extrapolation towards ¢?> = 0 where
the mesons escape from the lattice at the largest velocity. One way out is to cancel the large
uncertainties by measuring a ratio or asymmetry of two decay rates. Predictions for exclusive
rare B decays by modified factorization techniques such as perturbative QCD (PQCD), QCD
factorization (QCDF), soft-colinear effective theory (SCET), and other models can be compared
with the experimental data.

An inexhaustible list of targets at SuperKEKB for radiative and electroweak decays may be
represented by following measurements in which deviations from SM predictions can be searched
for:

1. precise measurement of inclusive B — X, branching fraction,

2. measurement of inclusive B — X gy branching fraction,

3. direct CP violation: B — X,v, B — K*vy, B — X,/™¢~ and so on,

4. time-dependent CP violation in B — K™, B — pvy and related modes,
5. measurement of photon polarization with photon-conversion,

6. measurement of the forward-backward asymmetry and ¢ distribution of B — K*¢+¢~
and B — X (T¢~, and,

7. lepton flavor dependence of b — s¢T¢~,
We have performed experimental sensitivity studies for these items, which we discuss in the

following sub-sections.

5.3.2 B — X,y branching fraction

The agreement between the measured B — X,y branching fraction [22] and the theoretical pre-
diction [62,63] has constrained various new physics scenarios. One of the most popular examples
is the lower bound on the type-II charged Higgs boson mass, since it always constructively in-
terferes with the SM amplitude. The current limit is around 300 GeV if no other new physics
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destructively contributes. This limit is significantly higher than the direct search limit. The
higher limit, which used to be around 500 GeV, has actually gone down with the latest mea-
surements and calculations, but this is a good sign because it is a result of a better agreement
between data and prediction than before.

Thanks to the enormous efforts, the NNLO calculations are very close to complete. The first
estimate of the inclusive branching fraction has been recently reported, with a slightly lower
branching fraction and a reduced error [62]. The full NNLO calculation with a ~ 5% total
error is expected to be available soon. A model independent approach of parametrization the
Br(B — X,v) using Wilson coefficients is described in Sect. 3.5.

The measurement error is also not so easy to reduce. Because the signal rate decreases and
the background increases towards the lower photon energy, one has to require a minimum photon
energy and make an extrapolation. Until recently this extrapolation is one of the irreducible
systematic error source. There are two techniques to measure B — X: a fully inclusive method
by reconstruction of the photon only, in which the background subtraction is the main issue, and
a method of summing up exclusive modes, in which the extrapolation due to the un-measured
modes is the key issue. The former method has several options; to eliminate backgrounds one
can either require a lepton-tag or a full-reconstruction tag for the other side B meson, however
this severely limits the statistical accuracy of the measurement. A huge background which has
to be suppressed is shown in Fig.5.9(left). The latter method gives more information such as
the more precise photon energy at the B meson rest frame and flavor of the decay, but the
hadronization model is hardly precise and reliable.

The spectrum can be described by heavy quark expansion (HQE) except for the non-
perturbative effects that can be parametrized by a few parameters, e.g. the b quark mass
(my) and the Fermi momentum (p2), that are considered to be universal in various inclusive B
decays: B — Xy, B — X ™/~ B — XU and B — X,(U. Recently a significant effort was
made to combine all available data for B — Xy and B — X ¢V to determine the HQE param-
eters. Using the thus obtained parameters, B — X,y branching fraction results are combined
together to provide a rather precise branching fraction [22],

B(B — Xv; E, > 1.6 GeV) = (352 +23+9) x 1075, 5.17
v

where the first error is combined statistical and systematic uncertainty and the second the
systematics due to the shape function. The size of the statistical and systematic errors are
already about the same size for the fully inclusive measurement.

However, it has been argued that the energy scale A = M, — QE;“in is significantly smaller
than my and therefore the above extrapolation error is underestimated. Therefore it is still very
important to measure b — sy spectrum as precise as possible. So far Belle has been able to
lower the minimum photon energy to 1.7 GeV with a data set corresponding to the integrated
luminosity of 605 fb~! [64]. In this measurement the main backgrounds (photons produced in
continuum events, 7° and 1 decays) are subtracted using the off-resonance data and measured
inclusive samples of 7°X, 7 X. The main systematic uncertainty of the measurement arises from
background photons in B decays other than those from 7% and 7, for which the reliable control
samples are scarce. Very conservatively assuming that this source of uncertainty would not scale
with the increased size of the available data set one could expect a measurement of Br(B — Xv)
with a relative accuracy of around 7% and 6% with the integrated luminosity of 5 ab=' and
50 ab~ !, respectively. Such a precision would match the anticipated precision of the theoretical
predictions. The current situation is illustrated in Fig.5.9(right) where the comparison of the
predicted branching fraction [63], of the current measurement and of conservatively anticipated
experimental accuracy is shown.
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Figure 5.9: Left: Simulated photon spectrum of backgrounds and signal for the inclusive B —
Xy measurement. Right: Predicted Br(B — Xyv) for the photons of minimum energy Ej.
The shaded (green) band reflects the sensitivity to various QCD parameters [63]. The accuracy
of the recent Belle measurement is shown as a data point with error bars and the conservatively
estimated accuracy with 50 ab™! as a dark (red) bar.

Further refinements of the measurement will be possible with a better knowledge of B —
w, 1, J/1¥X decays and of the subsequent branchings to the photons. With more statistics, a
problematic background source will be neutral hadrons such as K9 or anti-neutron that may
leave an energy shower in the calorimeter and mimic a photon. Since we cannot fully rely on the
Monte Carlo simulation, a detailed study of control samples is needed. One of the possibilities
is to use 7 — eTe™ conversion events that are free from the neutral hadron backgrounds. The
conversion probability is typically 3% with the current Belle detector, which depends on the
amount of material used for the vertex detector. A measurement of B — X v with the photon
conversion events could ideally be performed at SuperKEKB.

5.3.3 B — X4y branching fraction

Finding new physics effects in the b — d transition may be easier than in b — s because the
SM amplitude is suppressed in b — d. In the SM, b — sy and b — dy are both described
by a common Wilson coefficient, C7. This is also true in any model within a minimal flavor-
violating framework in which the flavor changing interactions are determined by the CKM
angles. However, in models with tree-level FCNCs, Cy for b — dy can differ from C7 for
b — sv. Examples include SUSY models with gluino mediated FCNCs [65] and models with a
non-unitary CKM matrix [66].

Since SM predictions for exclusive modes such as B — pvy or B — w~ suffer from large
model-dependent uncertainties, it is necessary to measure the inclusive rate for B — Xgy. The
largest experimental challenge is the huge background due to b — sv. The situation is similar to
B — X, /U measurement underneath the huge B — X {7 background, but much worse because
of the larger suppression factor and very limited phase space in b — dy where no b — sv is
allowed. The only possible way is probably to sum up exclusive b — dy modes.

An extensive MC study was performed to reconstruct B — X7 with the following conditions:

e B — X,y modeled as the sum of B — (p,w)y and an inclusive spectrum which is
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Figure 5.10: Mass spectra models for b — d~ (left) and b — s (right).
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Figure 5.11: Beam constrained mass distribution for the b — d~y signal MC (left) and fit results
for 5 ab~! equivalent MC sample (right). In the right plot the background including the peaking
b — sy component is shown as dotted (blue) line.

hadronized with JETSET (similar model is used in B — Xv) as shown in Fig. 5.10,
e continuum background suppression using the Belle’s B — p~y analysis [67],
e summing up 2 to 4 pions including up to 1 7¥ for M(Xy) < 2.0 GeV,
° Kg veto to reduce peaking b — sv background, and,

e b — ¢ background taken into account.

The signal MC distribution and a typical fit result for a 5 ab~* MC sample are shown in Fig. 5.11.
The signal is clearly seen on top of the peaking b — sy background. Here, the evaluation of
the b — sy component is crucial; in the example we assume a 20% uncertainty. The fit yields
(4.2 £0.2(stat) £0.9(fit)) x 10% events, where the second error is the fitting uncertainty. A 10%
signal modeling error is assigned in addition. According to this study, inclusive B — Xy4v can
be measured with a 2.9% efficiency and a 24% total error with 5 ab™' data. There are still
systematic error sources that may not be properly taken into account, but certainly an accurate
measurement of the inclusive b — d~ transitions is possible at SuperKEKB.

One can convert an inclusive B — Xy branching fraction result to |V;4/Vis| which is roughly
proportional to the square root of B(B — X;v)/B(B — Xs7v), except for higher order correction
terms. Since there are no unknown form factors, this ratio should have about 5% theory error or
less. This serves as a very good SM test, since |V;4/V;s| can be compared with the one obtained
from the By and By mixing measurements and the one from a unitarity triangle fit.
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5.3.4 B — Xy direct CP asymmetry

The direct CP asymmetry for B — X7 is one of the quantities with a substantially smaller
theoretical uncertainty than the experimental error. The predicted SM C' P asymmetry is Acp =
0.0042 J_“g:ggg [68], while its magnitude could be above 10% in many extensions of the SM.

The sensitivity at SuperKEKB can be obtained by extrapolating the latest results, Acp(B —
Xy) = 4+0.002 £ 0.050(stat) 4 0.030(syst) from Belle with 140 fb~! [69], Acp(B — Xsv) =
+0.02540.050(stat) +0.015(syst) from BaBar with 82 fb™!, and from the world average Acp(B —
Xs7v) = +0.005 £+ 0.036 that also includes the CLEO result. The measurements were performed
by summing up the exclusive modes. This method has an advantage of suppressing the B — X;y
contribution to a negligible level. Another method that uses the inclusive photon and tags the
charge by an additional lepton, cannot distinguish the B — Xyv contribution; it represents,
however, another interesting subject because of the partial sensitivity to the B — Xgy channel.

The SM prediction for the combined asymmetry A?; 7 is essentially zero, in contrast to

Acp for b — sy alone [68]. This is because b — sy and b — dy decays contribute to Azy]j D with
an opposite sign and practically an equal magnitude, which is a consequence of the unitarity
of the CKM matrix, the small mass difference ms — my and the real Wilson coefficient C7 [70].
In models beyond the SM, As(?; D can be non-zero, and is usually dominated by the b — sv
component. In addition, the contributions to A?; D from b — sy and b — dv can have the
same or opposite sign [66, 68, 71].

Although the current systematic uncertainty is not significantly smaller than the statistical
error, most of the systematic errors arise due to the limited statistics of the control samples and
can thus be reduced with a larger statistics. Note that systematic errors in the tracking efficiency
and particle identification mostly cancel in the asymmetry. The breakdown of the uncertainty
sources at 140 fb~! is as follows: the signal shape (~ 0.008), partly due to the uncertainty in the
M(X;) spectrum and partly due to the multiplicity distribution; possible Acp in the charmless
B decay background (0.02); a charge asymmetry in the background suppression requirements
(0.029). The M (X;) shape and charmless contributions will be known better with more data,
and other errors just scale with the statistics. The irreducible model part of the former error is
about 0.003, giving the expected errors of

SAcp(at 5ab™!) = £0.009 (stat) £ 0.006 (syst),

SAcp(at 50 ab™1) = £0.003 (stat) + 0.002 (syst) £ 0.003 (model). (5.18)

Therefore, at 50 ab™!, the measurement accuracy is limited by the systematic error. The preci-
sion will be at the level of the SM prediction and hence the measurement will enable tests of a
large range of possible NP models. It will be possible to observe an asymmetry of ~ 0.03 with
a 5o significance. Furthermore, the measurement is complementary to the searches for the C'P
violation in the By system due to the correlations between the Acp and a possible NP amplitude
contributing to the By mixing in grand unification theories [72].

5.3.5 Mixing induced CP asymmetry in b — sy and b — dvy

Mixing-induced C'P asymmetry in an exclusive b — sy decay into a C'P eigenstate such as
K9 (— ngﬂ'o)"}/ is an excellent probe for a particular class of new physics scenarios. In the SM,
the expected asymmetry is 2(m/my)sin 2¢; [73], because the two final states from B® and BY
decays have photons of different helicity (opposite helicity photon is suppressed by a ms/my,
factor) and do not mix.
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The existence of the neutrino mass suggests that the left-right symmetry is restored at
a higher energy, while parity is spontaneously broken at a low energy energy. In left-right
symmetric models, the helicity of the photon from b — sv can be a mixed state of two possible
photon helicities, while the left-handed (right-handed) photon is dominant for b — sy (b — 57)
in the SM. The expected size of the C'P violation parameter is up to 4% in the SM (there is
also an argument that it could be up to 10%), and therefore any large CP asymmetry is a sign
of a sizable non-SM right-handed current in the b — sv transition. In the left-right symmetric
models the expected size of C'P asymmetry is ~ 0.7sin 2¢; [73]. The same type of new physics
can be searched for by using b — dv modes, too, although the possible SM uncertainty may be
larger. For predictions in SUSY models and constraints on the squark masses arising from the
measurement of the time-dependent asymmetry in the mass insertion approximation see Sect.
3.4.5.

In order to measure the mixing-induced C'P asymmetry, a suitable final state is needed.
It is recently found that this test can be applicable to a final state with any P°QYy final
state where P is a neutral pseudoscalar meson and Q is either another neutral pseudoscalar
meson or a neutral vector meson. The candidate decay modes, for which at least the decay
mode (or the charged partner) is observed, are B — Kgﬂofy which includes B® — K*Yy and
BY — K3(1430)y, B — K;(1270)°(— K2p°)v, B — K2nv, B® — K2¢v, B — pY and
BY — wr.

Although the branching fraction for B® — K*Ov is sizable (~ 4 x 107°), the number of
events in the Kgﬂofy final state is rather limited due to its small sub-decay branching fraction
and lower reconstruction efficiency. In addition, the efficiency further reduces by requiring hits
in the vertex detector associated with the charged pions from Kg decay, in order to reconstruct
the B meson decay vertex from a displaced Kg decay point and its momentum. Despite the
experimental challenges, the mixing-induced C'P violation parameter in B® — Kg7r07 is already
measured using a 0.5 ab™! data with a sensitivity of around 0.3 [74]. In the case of B® — Kgqﬁfy,
BY — Kgpofy, BY — p% and BY — w~, the vertex reconstruction is more straightforward.

Using the current analysis technique with an assumption of the current Belle detector, error
of the C'P violation parameter is extrapolated as a function of the integrated luminosity. A
similar exercise is also performed for B — p%, assuming the Belle’s efficiency, backgrounds and
measured branching fraction. In this case, the vertexing efficiency is taken from the BY — d)Kg
analysis. These results for both cases are shown in Fig. 5.12, or,

08 k900, = 0.03 (at 50 ab™"),

5.19
85,0, = 0.15 (at 50 ab™"). (5.19)

Furthermore, the efficiency for the reconstruction of Kg with associated charged pion hits will
be improved by the upgrade of the silicon detector by around 30%. The size of the error with
50 ab~! is already smaller than the SM expectation in the case of B® — ngofy.

5.3.6 b — sy with v — eTe™ conversion

Another method to search for the non-SM right-handed photon is to use B — K*v events with
v — eTe” conversions that occur in the detector. If the photon helicity is mixed, the photon
has an elliptical polarization (or linear polarization if the size of the left- and right-handed
amplitudes are the same). The distribution of the angle ¢ between the plane of K* — K7 and
the plane of ee™ (see Fig. 5.13(left)) can be written as

|AR|| ALl

1 E, 2y R Al
e ) AL

[cos(2¢ + )], (5.20)

117



)] N (%)) \
w 1 NG w1 N
N N
\\ N
AN
NN N
N \\ N N
N, N\
N
\ \\ 9\
AN N )
N
N NN
-1 N \\ -1 \ \G)
10 N 10 \
N 5
\ N QL
N
\
1 1
10 1 10 10 1 10

L(ab™) L(ab™)

Figure 5.12: Expected errors on mixing-induced CP violation parameters as a function of the
integrated luminosity. Left plot for total B — K3n%y (red), B® — K* (green) and other
BY — K270 (blue); right plot for B® — p%y with the Belle’s measured branching fraction (red)
and the SM branching fraction (blue).

where Ay, g are the left- and right-handed amplitudes, & is an efficiency factor as a function of
the energy and the momentum transfer of the electron, and ¢ is a phase of the modulation that
is determined from the relative phase between A; and Ag.

This is actually a small effect due to several reasons. First, £ is only about 0.1 when the
ete” opening angle is not measured and one integrates over the energy and angle. Second, the
factor |Ag||AL|/(|Ar|?> + |AL|?) is at most 0.5. Third, the conversion probability is only 3% in
the current Belle detector, and it is not preferable to increase the amount of material to gain
more conversion events. Finally, the angle ¢ cannot be measured for a large fraction of events
because the opening angle is too small and immediately distorted by the magnetic field.

A sensitivity study was performed assuming the Belle analysis techniques and the Belle
detector. The efficiency is 0.36% for B — K**(— KTm~)y events, or 0.64% by summing up
also BT — K*Tv events, with very small background contaminations. It is not very likely to
further increase the efficiency by improving the analysis, and it is possible only by increasing
the amount of material in the vertex detector.

With the current track reconstruction code, there is no sensitivity to the opening angle at
all. By assuming that the conversion point is correctly measured, only 35% of events can be
effectively used for the ¢ measurement, with a ¢ resolution of d¢ = 23° (Fig. 5.14(right)).
This will give a 20 modulation for the maximal right-handed current case with 50 ab=! data.
However, the ¢ measurement performance strongly depends on the reconstruction code, and
there is a large room for improvements. By assuming that all the events can be usable for ¢
measurement, the maximal right-handed current case will show up as a 40 effect. In addition,
if one can measure the opening angle of ete™, the sensitivity significantly increases since ¢ can
be larger than 0.5 for a large 6.

We note that a similar study can be performed by using very low ¢ B — K*eTe™ [75], and
a combined analysis would be possible.
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Figure 5.13: The definition of the angle ¢ (left), and the expected signal and background in My,
(middle) and AF (right) in B — K*y(— ete™).
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Figure 5.14: Measured versus true 6 distribution (left) and measured minus true ¢ distribution
(right) in B — K*y(— ete™).
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5.3.7 B — K*(*{~ forward-backward asymmetry

The forward-backward asymmetry in B — K*¢T¢~, defined as

dArs(q?) _ N(q% O0pp+ > 0p-) — N(¢?; Opp+ < Opp-)
dg? N(q?% Ope+ > O0pe-) + N(¢?; Oppr < Opp-)

(5.21)

as a function of ¢> = m(¢*t£7)2, where .+ denotes the angle between the lepton and the B
meson direction in the rest frame of the meson (Fig. 5.15), is an ideal quantity to disentangle
the Wilson coefficients C;. The asymmetry of Eq. 5.21 can be expressed as [76]

1
—Clof(q2) X RG(CQ)Fl + ?07}72 (5.22)

where ¢ is a function of ¢?, and F1 2 are functions of form factors.

It is straightforward to determine C1g, Re(Cy) and the sign of C7 from the Apg distribution
as a function of ¢?, using the value of |C7| from B — X v and a few more assumptions: phases
of Cg and C'; are neglected, and higher order corrections are known. These assumptions should
be examined by comparing the results with the inclusive B — X /7¢~ differential branching
fraction as a function of ¢?, since it is also sensitive to Cy and Ciq in a different way [77].

As discussed in Section 3.5, in a SUSY scenario the sign of the b — sy amplitude (C7) can
be opposite to the SM prediction, while the transition rate may be the same as in the SM.
Within the SM, there is a zero crossing point of the forward-backward asymmetry in the low ¢?
region, while it disappears with the opposite sign C7 if the sign of Re(Cy) is the same as in the
SM. In another model with SU(2) singlet down-type quarks, tree-level Z flavor-changing-neutral-
currents are induced. In this case, the larger effect is expected on the axial-vector coupling (C1g)
to the dilepton than on the vector coupling (Cg). Because the forward-backward asymmetry is
proportional to the axial-vector coupling, the sign of the asymmetry can be opposite to the SM.
The same new physics effect is also effective for BY — ¢Kg where anomalous mixing-induced
CP violation can occur.

In the first trial to extract Cy and Cio from Apg in B — K*¢T¢~ with 357 tb~! data by
Belle [78], higher order QCD correction terms are assumed to be the same as in the SM, and only
the leading order terms Ag and Ajg are allowed to float to fit the data, and it was possible to
constrain the sign of the product AgAjg to be negative as in the SM. Using the same framework,
a sensitivity study is performed for a 5 ab™! data. One of the typical fit results is given in
Fig. 5.15, in which the crossing pattern is clearly observed. From a 1000 pseudo-experiments
assuming the SM values of Wilson coefficients, the expected statistical errors are

6Ag/Ag = 0.11, 6A19/A1p =0.13 (5ab™!)

§Ag/Ag =0.04, §A19/A19 =0.04 (50 ab™ 1), (5.23)

where the 50 ab™! is a simple extrapolation. The zero crossing point, for the SM value of
S0 ~ —2mb% ~ 0.16 [76], can be measured with a 5% precision. Currently the most

accurate measurement of B — K{*{~ and B — K*{*¢~ branching fractions, as well as of the
dArg(q?)/dq? is available from Belle in [79].

Since B — K*¢*{~ is an all charged particle final state, LHCb will be able to measure the
zero crossing point with a better precision than an e™e™ B factory. However, in order to avoid
the form factor uncertainty, especially when the new physics effect is only a small modification
to the SM, one has to measure the forward-backward asymmetry in inclusive B — X /10~ ;
it is experimentally more challenging, and is only possible in an eTe™ B factory. In addition,
combined analysis with the inclusive B — X ¢™¢~ differential branching fraction should improve
the results.
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Figure 5.15: Forward-backward asymmetry in B — K*¢t¢~ at 5 ab™'.

5.3.88. B — Kutu~ versus B — Kete

Branching fractions for the exclusive decays B — K®*)¢T¢~ have already been measured to be
consistent with SM predictions: the measurement error (~ 13% [79]) is already smaller than the
uncertainty of the theoretical prediction; the latter suffers from large model dependent and irre-
ducible uncertainties in the form-factors of at least £30% or even more if one takes into account
the variations in the available predictions. However, one can still utilize the measurements in
such a way that the theory uncertainties cancel.

In new physics models with a Higgs sector differing from that of the SM, scalar and pseudo-
scalar types of interactions may arise in b — s¢™¢~. Depending on the lepton flavor £ = e and
¢ = p, the new physics effects can differ. By measuring Ry ) = B(B — K®utu=)/B(B —
K (*)e+e_), such new physics effects can be searched for. A particular example can be found in
a minimal supergravity model [57,80].

In the SM, the branching fractions for B — KeTe™ and B — Ku*pu~ are predicted to
be equal except for a tiny phase space difference due to the lepton masses, Rx = 0.95. In
B — K*{™¢~ decays, the branching fraction for B — K*e*e™ is larger than B — K*u™pu~ for
small dilepton masses, R+ = 0.75, due to a larger interference contribution from B — K*vy
in B — K*ete~. However, this situation may be modified in the models mentioned above, in
which a neutral SUSY Higgs contribution can significantly enhance only the B — K®) ytp~
channel if tan 3 is large. Therefore, the ratio Ry = B(B — Kutp~)/B(B — Kete™) is an
observable that is sensitive to new physics if it is larger than unity.

From the current Belle results on the branching fractions [79] we obtain Rx = 1.03+0.19 +
0.06 and Ry~ = 0.83 + 0.17 & 0.05. The uncertainties using 600 ab~! are still dominated by
the statistical error. The systematic error in the ratio is dominated by the uncertainties of the
lepton identification efficiency, which are obtained from the dilepton data samples and will also
reduce with the increasing statistics. Scaling the total uncertainties to a larger luminosity the
expected error is

SRix =0.07 (at 5ab™!),

0Rrk =0.02 (at 50 ab™"), (5.24)

and similar for the Rg~.

The b — s¢T¢~ transition diagram is equivalent to By — pu™u~, which has been extensively
searched for by CDF and DO. The current best limit is B(B? — ptup~™) < 4.7 x 1078 (90%
C.L.) [81], which is still far from the SM prediction (3.4 + 0.5) x 107, Since Bs, — ete™ is
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mode 5ab ! 50 ab~ !

B(B — Xgv) ™% 6%
Acp(B — X7) 0.009 ¢ 0.006 0.003 & 0.002 & 0.003
Mixing induced S0 0, 0.1 0.03
B(B — X47) 24%
Mixing induced S, 0.4 0.15
Rg(B — K{T4™) 0.07 0.02
ZFB(B — K*€+£_)
Cy from Apg(B — K*(1(7) 0.11 0.04
C1o from Apg(B — K*(T(7) 0.13 0.04
50 from Apg(B — K*{T(7) 5%

Table 5.7: Summary of the expected errors for some of the observables in b — s(d)y and
b — stt{~ decays at SuperKEKB.

not expected to be observed at Tevatron or LHCb, a precision measurement on Rg will be still
useful even if the BY — p+ ™~ branching fraction is measured to be near the SM predicted value.
5.3.9 Summary

We have discussed various decay channels of b — s(d)y and b — s¢*¢~ that with the increased
sensitivity at SuperKEKB represent good probes of new physics effects. The expected sensitiv-
ities for some of the observables that can be measured are summarized in Table 5.7.
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Decay SM Prediction

B —ev | (1.67£0.42) x 1071
B — pv | (7.07 +£1.80) x 10~7
B — 7v | (1.59 4 0.40) x 10~*

Table 5.8: The expected branching fraction for B — fv.

b T
_ W™

Figure 5.16: Purely leptonic B decay proceeds via quark annihilation into a W boson.

5.4 Leptonic Decays : B — (v

5.4.1 Introduction

In the SM, the purely leptonic decay B~ — 77, proceeds via annihilation of b and @ quarks to
a W~ boson (Fig. 5.16). It provides a direct determination of the product of the B meson decay
constant fp and the magnitude of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element

|Vip|. The branching fraction is given by

G2 mpm? m2\?

7F8 £ <1 - —5) F2Val* 8, (5.25)
T miy

B(B — lv) =

where G is the Fermi coupling constant, mp and my are the B and lepton masses, respec-
tively, and 7p is the B~ lifetime. In models beyond the SM there can be additional tree-
level contributions such as a H* (s-channel) [82,83] or sfermions (s,t-channels) in R par-
ity violating SUSY models [84]. The SM predictions are shown in Table 5.8, where we take
V| = (4.3940.33) x 1073, 75 = 1.64340.010 ps, and fp = 0.216 £0.022 GeV. Observation of
such decays would provide the direct measurement of fg or even evidence for new physics. In
particular, the sensitivity of the 7#v and p*v channels to any H* contribution is complemen-
tary and competitive with that of the exclusive semi-leptonic decay B — D7 v that is described
in Sec. 5.5. The tree-level partial width (including only W* and H contributions) is given as
follows [82]:

Gpmpmj m; ’ 2 2
B(B—tv) = ———(1—-— | f5|Vw|7B X rH, (5.26)
8T mp
where 7y is independent of the lepton flavour and is given by
m2 2
rg = (1 - TB tan? ﬁ) . (5.27)
mHi

An additional observable in which fp cancels out is the ratio R;, defined by:

B(B* — tFv)

= BB = )

(5.28)
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Events /0.1 GeV

Figure 5.17: FEgcr, distributions in the data after all selection criteria except the one on Egcr,.
The data and background MC samples are represented by the points and the solid histogram,
respectively. The solid curve shows the result of the fit with the sum of the signal (dashed) and
background (dotted) contributions.

Assuming only W+ and H* contributions, rg would also cancel out, and thus Ry ~ m2/ mz
However, sizeable deviations of R;, from this value are possible in R parity violating SUSY
models, since 7y is in general no longer independent of the lepton flavour. In addition, in such
models the decay BT — e*r may be enhanced to experimental observability.

54.2 B — Tv

The measurement of B — 7v is experimentally difficult due to multiple neutrinos in the final
state, and is possible only at B factories. We reconstruct one of the B mesons produced in pair,
referred hereafter as the tag side (Biag), and compare properties of the remaining particle(s),
referred to as the signal side (Bsig), to those expected for signal and background.

The first evidence for the decay B~ — 7~ 7, is found by using 414 fb~! of data collected at
the Y (4S5) resonance with the Belle detector [87]. In this analysis, Biag is fully reconstructed
in hadronic modes. We search for decays of By, into a 7 and a neutrino, where the 7 lepton is
identified in one of the five decay modes, u~v,v;, e Vevy, T vy, 71, and 77T 1w v,, which
in total correspond to 81% of all 7 decays.

The most powerful variable for separating signal and background is the remaining energy
in the ECL, denoted as Egcr,, which is a sum of the energies of neutral clusters that are not
associated with either the By,s or the 79 candidate from the 7= — 7 7%, decay. Egcr, is
consistent with zero for signal events.

Figure 5.17 shows the Egcr, distribution obtained when all 7 decay modes are combined.
Table 5.9 shows the number of events observed in the signal region (N,ps) for each 7 decay mode,
as well as the MC expectations of background.

The branching fractions are calculated as B = Ng/(2-¢- N+ - ) where Np+ g is the number

of Y(4S) — BT B~ events, assuming Ng+g- = N o0 Lhe efficiency is defined as e = gtas x gsel,
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Nsoilc)lz Nsl\ﬁlg stNé;C Nobs Ns Ny, ESEI(%) 6(10_4) b
WUy 96 942480 94426 13 56755 8877 3.64+£0.02 2577150 220
e~ Uely 93  89.6+£80 86+23 12 41753 90777 457+£003 150702 1ldo
T, 43 41.3+6.2 47+17 9 38T 3.970% 487+0.03 1.30705 2.00
7m0, 21 233447 59+1.9 11 54755 5470 1.97+£002 4547528 150
rortnTy, 21 185441 42416 9 3.0757 4817 0774002 642795 1.00

Table 5.9: The number of observed events in data in the sideband region (N;gi), number of
C C
NS N

observed events in data in the signal region (Nops), number of signal (Ng) and background (V)

background MC events in the sideband region ( ) and the signal region ( ), number of

sel )

in the signal region determined by the fit, signal selection efficiencies (%), extracted branching

fraction (B) for B~ — 7~ v,. The listed errors are statistical only. The last column gives the

significance of the signal including the systematic uncertainty in the signal yield (X).

where %8 is the tag reconstruction efficiency for events with B~ — 77, decays on the signal

side, determined by MC to be 0.136 + 0.001(stat)%, and €% is the event selection efficiency
listed in Table 5.9, as determined by the ratio of the number of events surviving all the selection
criteria including the 7 decay branching fractions to the number of fully reconstructed B*.
The combined fit gives 17.2:“2:? signal events in the signal region (Ng) and 24.1:“2:2 in the
entire region (ng). The branching fraction is found to be (1.7970:35) x 1074
Systematic errors for the measured branching fraction are associated with the uncertainties in
the number of BT B, signal yields and efficiencies. The total fractional systematic uncertainty

of the combined measurement is fgg%, and the branching fraction is

B(B™ — 77 1r) = (L7975 (stat) 057 (syst)) x 1077

The significance is 3.50 when all 7 decay modes are combined,

In the two-Higgs doublet model, the branching fraction B(B~ — 77 7;) is enhanced by
a factor of [1 — (mp/my)?tan? B)2. With our experimental result and B(B~ — 77 ¥, )sm =
(1.59 £ 0.40) x 10~* from the SM prediction, we set a constraint

[1 — (mp/mm)?tan? §]* = 1.13 + 0.51. (5.29)

Figure 5.18 shows the 95.5% C.L. exclusion boundaries in the [My+, tan 3] plane compared with
other experimental searches at LEP and at the Tevatron. The direct search for charged Higgs
bosons at LEP gives the constraint My+ > 78.6 GeV /c?.

Further accumulation of luminosity helps to reduce both statistical and systematic errors on
the measurement of the B — 7v branching fraction. We estimate the sensitivity at Super B
Factory, assuming that the experimental error decreases as ~ 1/ VL, where L is the luminosity.
This assumption is not unrealistic because some of the major systematic errors come from limited
statistics of the control samples, and also because of possible improvements of the analysis in
future. We also assume that the theoretical errors of both |V,,| and fp are reduced to 5.0% and
5.0% (2.5% and 2.5%) when Super B accumulates 5 ab™! (50 ab™1).

Figure 5.19 shows 95.5% C.L. exclusion region and 50 discovery region for the charged Higgs
boson with 5 ab™! (5 ab™!) of data. Here, the exclusion regions are obtained assuming that 7
coincides with the theoretical prediction.
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Figure 5.18: The 95.5% C.L. exclusion boundaries in the [Mp+,tan 8] plane obtained from the
measured branching fraction of B~ — 77 v.

The assumption on the error of |V,;| is reasonable because |V,;| can be constrained not only
from its measurement from semi-leptonic B decays but also from many other measurements on
the unitarity triangle. On the other hand, the precision of fp depends on the development of
the lattice calculation, and it is not clear whether this assumption is valid. It is essential to keep
its error at the similar size as V).

5.4.3 B —{lv

The expected branching fractions of B — uv, and B — ev, are by several orders lower than
B — 71v; as listed in Table 5.8. On the other hand, these modes are experimentally easier to
study than B — 7v, due to a single neutrino and a monochromatic lepton in the final state. In
fact, B — pv,, is almost within a reach of present B factories.

The strategy of the analysis is as follows. Because BT — £T1; is a two-body decay, the lepton
has a fixed momentum in the signal B meson (B%#) rest frame, with pf equal to approximately
half of the B meson mass, pf ~ mp/2. The lepton momentum in the CM frame, pj, is related
to pf by

%
PP~ p} <1 ~ Preel g, Bsig) (5.30)
mp
where pJ;, is the momentum of the B%% in the CM frame and cos 0,_psig represents the cosine
of the angle between the directions of the signal lepton and B¢ in the CM frame.
Since the neutrino is not detected in the B%® decay, we need to obtain pJ, using the
information of the companion B meson (B°™P) recoiling against B%%. The quantity [p}.;,| is

approximately given by \/E%eam — sz ~ (.32 GeV/c using the beam energy in the CM frame

(Epeam ), while cos 0,_ psie is related to the angle between the direction of the signal lepton and
the momentum of B®™P(f;_pcomp) by cosf,_psie = — cosOy_pgeomp. Thus, equation (5.30) can
be expressed in terms of two measurable quantities, p; and cos y_ geomp:

PP ~ pi(1 4 0.065 cos Oy_ geomp ). (5.31)
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Figure 5.19: 95.5% C.L. exclusion region (left) and 50 discovery region (right) of charged Higgs
at 5 ab™! (top) and 50 ab™!. In the left plots, the green area shows the exclusion region at
Super B Factory. In the right plots, the red area shows the discovery region, while the green

area shows the present exclusion region.
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The dominant background in this analysis arises from the continuum process ete™ — qq (¢ =
u,d, s,c) and semileptonic B meson decays, mostly into charm final states (B — X fv) with
contributions from rare b — u modes (B — X,/fv). These backgrounds can be suppressed by
using the missing momentum information, because the contamination of the continuum events is
often due to undetected particles that are outside the detector acceptance. Event shape variables
that are used in various B decay modes are also of use.

In the previous analysis by Belle with a 253 fb~! data sample, we have performed an inclusive
reconstruction of the companion B meson; i.e. we form My, and AFE from all the charged and
neutral particles in an event except for the signal lepton. Figure 5.20 shows the pf distributions
after all other selections have been applied. The background that remains in the signal region
consists of approximately 76 % continuum and 24 % B — X,/fv according to the off-resonance
data and MC studies in both modes. The signal efficiencies are estimated to be 3.15 + 0.07 %
for the muon mode and 3.86 + 0.08 % for the electron mode.

Events that pass the p? selection (shown in Figure 5.20) are fitted with the M, distribution
of the companion B. The signal yield extracted from the fit is 4.1 + 3.1 events for the muon
mode and —1.8 4= 3.3 events for the electron mode in the signal region. The significance of the
signal in the muon mode is 1.30, and no excess of events is observed in the electron mode.

The following upper limits on the branching fractions at the 90% confidence level were
obtained:

B(BT — uty,) < 1.7x107° (90% C.L.) (5.32)
B(BT —etr,) < 98x1077 (90% C.L.), (5.33)

including the effect of the systematic uncertainties. The expected sensitivities on the upper
limits with the present dataset, computed using toy MC studies with a null signal hypothesis,
are 1.0 x 1079 for the muon mode and 1.1 x 1076 for the electron mode.

The upper limit measurement B(B* — u*v,) has a significance of 1.30 with 250 fb™!.
By extrapolating this result into the future experiment, we need 1.6 ab~! for 3¢ evidence and
4.3 ab~! for 50 discovery for the mode Bt — ptv,. assuming the Standard Model branching
fraction. Figure 5.21 shows the standard deviation for the signal of Bt — pu*v, as a function
of luminosity.

Our concern in the Super B will be not only the establishment of the signal, but also precise
measurement of the branching fraction. Further improvement of analysis may be possible by
using other methods for the companion B reconstruction. For example, full reconstruction
technique presently used by BaBar (Ref.XXX) now seems to give higher upper limit, but will
be also useful due to higher purity.

54.4 B — Kvp

In the Standard Model the rare FCNC decay b — sviv proceeds at the one-loop level through
penguin and box diagrams.Additional new physics heavy particles may therefore contribute to
this decay mode, leading to significant enhancements of the branching fraction. Since the final
state leptons do not have electric charge, this mode is not affected by long distance effects from
vector resonances (p, J/v, ¢’ etc.) like decays to charged leptons, b — s¢T¢~, and hence the
theoretical predictions are more accurate. The inclusive branching fraction is estimated to be
4 x 107° [88,89] for the sum of three neutrino flavors, whereas the exclusive branching fractions
are predicted to be Br(B~ — K~ vi) ~ 4 x 1076 [90].

However, the experimental measurement of b — svv is quite challenging due to two missing
neutrinos. The best inclusive limit to date is from ALEPH Br(b — svv) < 6.4 x 1074 [91],
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Figure 5.20: pf distributions for the signal candidates at Belle. Points show the on-resonance
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Figure 5.21: The standard deviation for Bt — p*v, as a function of luminosity (ab™1).
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Decay Mode | Sideband Data | Expected BG | Observed yield | Efficiency [1079] U.L.
BT — Ktvp 60 20+4 10 26.7+2.9 <14x107°
BY — K*0up 16 42+1.4 7 5.140.3 <34 x10™1

Table 5.10: Observed yield in the sideband region, expected background, observed yield in the
signal region, efficiency (including the By reconstruction efficiency) and the measured 90% C.L.

upper limit on the branching fraction for the B — K® v [94].

and a limit of < 2.4 x 107* at 90% confidence level on the exclusive branching fraction of
B — Kvu was set by CLEO [92]. BABAR has recently reported a preliminary upper limit
Br(B — Kvip) < 7.0 x 107° [93]. At SuperKEKB, measurements of these decay branching
fractions will become possible, as millions of fully reconstructed B samples will be accumulated.

We performed a search for the decay B — K v in a 492 fb~! data sample [94]. Combina-
torial and continuum backgrounds are suppressed by selecting a sample of events with one fully
reconstructed Bye.. The decay products of the B on the other side of the event are analyzed to
search for B — K® v decay. In the events where a By is reconstructed, we search for decays
into a kaon plus two neutrinos. BT — K Tvi candidate events are required to have one charged
track with the charge being opposite to that of the reconstructed B. We require the charged
particle to be identified as a kaon. K*° mesons are reconstructed from a charged pion and a
kaon. The event is required to have zero net charge. We place the requirement on the momen-
tum of the K® in the CM, 1.6 GeV/c < p* < 2.5 GeV/c, where the lower bound suppresses
the BB decays with the b — ¢ transition and the upper bound the radiative B — K*v decays.
The direction of the missing momentum is required to be in the range —0.86 < cos 0y, ;.. < 0.95
in the CM frame.

To isolate the signal the remaining energy, calculated by adding the energy of the photons
that are not associated with the Byec, FrcL, is used. The Egcr, < 0.3 GeV region is defined
as the signal region and 0.45 < Egcp, < 1.5 GeV as the sideband region. The simulated Egrcr
shape is used to extrapolate the sideband data to the signal region. The number of MC events in
signal region and sideband are counted and their ratio (rj;¢) is obtained. Using the number of
data in the sideband and the ratio rj;¢, the number of expected background events in the signal
region is estimated. The background estimation from the Egcr, sideband extrapolation is shown
in Table 5.10. The numbers of events in sideband region agrees well between MC and data.
To obtain the background expected from the MC simulation, BB and ete™ — u, dd, s3, cé
events are scaled to equivalent luminosity of the data.

After finalizing the signal selection criteria, the signal region (Egcy, < 0.3 GeV) in the on-
resonance data is examined. Table 5.10 lists the number of observed events in data in the signal
region, together with the expected number of background events in the signal region. Fig. 5.22
shows the Egcr, distributions in the data after all selection requirements except the one on Egcr,
have been applied, as well as the expected distribution of background events.

Since no significant excess of events over the expected background is observed, we set upper
limits on the branching fractions as given in Tab. 5.10.

Considering the amount of the expected background in B® — K*Yvi (Tab. 5.10), the
expected signal with the SM branching fraction Br(B — K*vv) = 1.3 x 107° [95], and no
improvements in the measurement method and detector performance, the required luminosity
to observe the decay with a 3 o significance is above 100 ab~!. However, the value changes
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Figure 5.22: Egcy, distributions for selected BT — K tvi (left) and B® — K*9vi (right) candi-

dates [94]. Shaded (green) histograms show the simulated background distribution normalized

to the sideband data. Open (red) histograms represent the SM expected signal multiplied by a
factor of 20.

drastically if beside the above mentioned hadronic tagging also the semileptonic tagging, men-
tioned in Sect. 5.1.3 is used. By examination of the results on the B — 7v decays obtained by
hadronic [87] and semileptonic [96] tagging we estimate the efficiency of the latter to be around
4-5 times better than for the hadronic tagging, at the deterioration of the signal to noise ratio
by a factor of two. Taking into account also the planned upgrade of the detector, specifically the
improved particle identification capabilities and the electromagnetic calorimeter performance,
one can expect the improvement in the reconstruction efficiency for B — K*Ouw by around
70%. By these a 3 o significant signal of B — K*%v can be observed with around 30 ab™!.

In a more recent paper [97] authors predict a significantly lower branching fraction for these
decays, Br(B — K*uvi) = 0.68 x 107°. In the paper the decays B — K® v are analyzed
in a model independent way including a possible contribution of the NP right-handed currents
parametrized by the Wilson coefficient C%, (in addition to the SM coefficient C7). Taking into
account the low branching fractions for B — K *)yp predicted and the above experimental
assumptions one expects to measure both, Br(BY — K*vi) and Br(BT — K*tvi) ? with
a relative precision of 30%-35% with an integrated luminosity of 50 ab='. This will allow to
overconstrain possible values of C'% and C7. The expected sensitivity is illustrated in Fig. 5.23,
in terms of

VICIE T O3
(AR
R (&/7e
C7P + O

It can be seen that the sensitivity on (e,n) will be around +0.2, which can be compared to
the SM value |(CY)%| ~ 6.4 [97]. To measure the fraction of longitudinally polarized K*’s in
these decays, F, the direction of the B meson must be known, which is only possible using
the hadronic tagging. To reach the necessary sensitivity for additional constraint on the Wilson
coefficients from F7, the efficiency of the hadronic tagging must be significantly improved.

*In [98] the prediction for Br(BT — K*twp) of [97] is further refined to ~ 15% higher values. Hence the
predictions based on this branching fraction are conservative.
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Figure 5.23: Adopted from [97]. Constraints on the e(C7,C%) and n(C7,C%,) (for definitions see
text) arising from the measurement of Br(B° — K*'vp) and Br(Bt — K*vp) with 50 ab™!.
Full (red) lines show the expected sensitivity, dotted (blue) lines the predictions including the
theoretical uncertainty, and dashed-dotted (green) lines the current 90% C.L. exclusion regions.
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55 B — Drtu,

The decay B — D77 v, is sensitive to the exchange of charged Higgs boson as introduced in the
Minimal Supersymmetric Standard Model (MSSM), since the amplitude is roughly proportional
to m,my tan 8. The branching fraction of B — D77 v, is expected to be large (~ 8 x 10_3) in
the SM, but much more data are required to measure this process because of the presence of
two or more neutrinos in the decay final state. This mode consequently requires the tagging of
the other side B, for which a reconstruction efficiency is estimated to be 0.2%, which has been
discussed in Section 5.1.3. Therefore, the study of the MSSM Higgs through this decay mode is
only possible with the statistical power of SuperKEKB.

5.5.1 Introduction
In the MSSM, the coupling of the charged Higgs bosons, H*, to quarks and leptons is given by

1
Ly = (2V2Gp)'/? |tan (Vi irMadg + 71, Melg) + BﬂRVCKMMudL H*

tan
+ h.c., (5.34)

where M, and M, are the quark mass matrices, M, is the lepton (¢ = e, p, or 7) mass matrix,
Vek s the Cabibbo-Kobayashi-Maskawa matrix, and tan 3 = v9 /vy is the ratio of the vacuum
expectation values of the Higgs fields. Therefore, the decay amplitude of B — D7t v, that is
mediated by b — ¢rtv has a term proportional to My M, tan? 3 [99,100]. The large 7 mass is an
advantage of this decay in measuring the charged Higgs mass compared to other semi-leptonic
decays.

Figure 5.24 (top) shows the ratio B:

(B — Drtuv,)
I'(B — Dptvu)sm

B= (5.35)

as a function of the charged Higgs mass with several tan 8 values. The width of each band
represents uncertainty in the B — D semi-leptonic form factor. The form factor is modeled as
a function of the momentum transfer ¢> using a slope parameter p% [101], and the uncertainty
is from the error of p?. The Belle collaboration has measured p? as p? = 1.33 + 0.22 [102].
Figure 5.24 (bottom) shows the § B/B|exp distribution as a function of p?/p?|exp. In the figure
we show several curves with varying R = My tan g3 /M§

5.5.2 B — Drtv, Reconstruction

Final states for the B — Drtv, decay include two T-neutrinos after taking into account the
sub-decay of the 7; one additional neutrino exists when 7 decays into a leptonic mode. Because
of the presence of two or more invisible particles, the decay of B — D7tv;, has few kinematic
constraints. To reduce the number of combinations of the reconstructed D and 7, we first remove
particles originating from the other B (Bgy), which does not decay into B — D7Vv, (Bgg). We
then reconstruct D and 7 candidates using the remaining particles. Finally, we apply kinematic
selection requirements on the reconstructed D and 7 combination to reduce background.

In the following paragraphs we describe the reconstruction of B — Drtv,. A detailed
description of the full reconstruction of By, mesons is given in subsection 4.1.2.
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Figure 5.24: The top figure shows the ratio of I'(B — D77 v,) to I'(B — Dp*v,). The flat band
is the prediction of the Standard Model; also shown is the charged Higgs contribution, which
is a function of the charged Higgs mass with several tan § values. The width of each band is
due to uncertainty in the form factor. The bottom figure shows the §B/B|cxp distribution as a
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Light Meson Reconstructions The Kg mesons are reconstructed from a pair of oppositely
charged 7 tracks. The invariant mass of the 7 pair should be within |M;, — M KO | < 15GeV /2.
The position of closest approach of the 7 tracks should be displaced from the interaction point
in the plane perpendicular to the beam axis.

Neutral pions are reconstructed from a pair of two photons. The ¥ invariant mass is required
to be within |M,, — M, 0| < 16 MeV/ c2. We require the photon energy deposit in the calorimeter
to be greater than 50 MeV.

Charmed Meson Reconstructions We reconstruct D mesons from D — K*7~(70),
Ktntr—n(79), Kdntn~ (79), and K27, where (7°) indicates zero or one neutral pion. Charge
conjugate modes are implicitly included throughout this section. These channels cover 35% of
the total DY decay width. The charged D meson is reconstructed from DT — K77t (xY)
and K27, covering 16% of the total DT decay width.

We construct kaon (L£(K)) and pion (L()) likelihoods to identify the particle species of
each charged particle by combining the dE/dz in the drift chamber, the hit in the time of flight
counter and the ring imaging Cherenkov counter. The charged particle is identified as a kaon if
L(K)/[L(m) + L(K)] exceeds 0.4; otherwise it is a pion.

The reconstructed D° or D should have an invariant mass within | Mg, —Mp| < 30 MeV /2.

If more than one D meson is reconstructed, the D meson that has the closest invariant mass
to the world average value is taken [4].

B Meson Reconstructions The B — Drtu, decay is reconstructed from B® — D~ 7Fu,
and Bt — D%7Fv_, where the 77 is identified in one of four following sub-decays: 77 — 7t v,
pT (r 70y, etv e, and ptu i,

The B — D7tv; candidate is reconstructed by adding one charged particle, which is assumed
to originate from the 7 decay, to the reconstructed D meson. Positively identified protons are
rejected.

If the additional charged particle is consistent with the electron or muon hypothesis, the 7
decay is treated as a leptonic mode (7F — £Tv,7,)3; otherwise the 77 decay is considered as a
hadronic mode (77 — 7tv;).

In the case of 7+ — 7ty decay, one neutral pion (if it exists) that is associated to neither
Bga nor D decay is added to the 7 v, final state to reconstruct 7+ — p* (77 7%)v, mode. In
this case, the 7t 7¥ invariant mass should be within [M, 10 — M, o+ <300 MeV/ 2.

To reject B — D*Tv, events, we reconstruct D*’s by adding a 7° to the reconstructed D.
When |(Mgprr0 — Mgnz) — AMp«_p| < 10 MeV/c?, we discard the event.

If any charged particle and/or Kg candidate remains after the reconstructions of By, and
Bg;g, the event is rejected.

5.5.3 Kinematic Event Selection

We use three kinematic parameters to select B — D7 tu, signal events from the reconstructed
candidates.
The first is the residual cluster energy in the calorimeter (Ees). We require Fies < 100 MeV.
The second is the missing-mass squared defined by

|MM|* = |pp,, —pp — px+°, (5.36)

3Throughout this section, the symbol ¢ indicates leptons except 7 unless otherwise specified.
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where px+ is the charged particle momentum originating from the 7% decay. The momentum
PBg, is given by pp. = pr(1s) = PBg-

The last is the cosine of the angle between the momenta of the two 7-neutrinos (cos#) in
the frame where pp;, = pp. This parameter can only be defined for the 7+ — h* U, sub-decay.
Energy-momentum conservation for the Bge, — D7 (ht i, )v, decay is expressed by

PBys; = PD + Dt + Po. + D, (5.37)
The 77 and neutrino masses are given by
(u+ +p5,)* = m?, (5.38)
Py, =ps. =0. (5.39)
We then boost the system to the frame where
DBy = PD- (5.40)

Using Eq. (5.37)-(5.40), we have

(EB,, — Ep)® — 2B, (Ep,, — Ep) = mj. (5.41)

sig

Then, the energies of the two neutrinos can be expressed in terms of measurable parameters as

(EB A ED)2 — mz
E, = £ E, =Fg. —Ep—Ey+ — E,_. 5.42
vr 2(EBsig _ ED) y Ur Big D h+ vr ( )
Finally, we can measure cos # using the following equation:
(PByy —PD — 03+)> = (Do, +D0,)
= 2ﬁDT : ﬁqu—
= 2E; E,_cos?f. (5.43)

The cos § of the signal events is limited from —1 to +1, while that of the background events is
unrestricted.

The background contamination is studied by using generic B decay MC samples. We generate
samples of 3.2 x 105 MC events with the fast simulator for generic charged and neutral B decays.
In this case, 8x 1073 is taken as the branching fraction of B — D71 v, decay for both charged and
neutral B. To increase statistics, the By, is pseudo-reconstructed using generator information,
i.e.: the Bygy is fully reconstructed with perfect efficiency and purity.

Figure 5.25 shows the distribution of the reconstructed B™ — D%+ (h*u,.)v, candidates
in the |M M |?-cos plane. The left column figures show the signal events only and the right
ones show the background distribution (gray points) with the signal distributions (black points)
superimposed . We determine the optimal signal region to be |[MM|? > 0.1 (GeV/c?)? and
—1.0 < cosf < 0.8, irrespectively of the 77 — 7t or 77 — p*, by maximizing S/v/S + B
(FOM), where S and B are the numbers of reconstructed signal and background events, respec-
tively.

Figure 5.26 shows the | M M |? distribution of the reconstructed candidates of BT — DO+ ({7, 1,)v;,.
For that decay irrespectively of the lepton flavor from the 7 decay, we determine the selection
criteria [MM|? > 1.2 (GeV/c?)? by maximizing the FOM.

We find that [MM|? and cos for the neutral B decay have similar distributions in both
signal and background as the charged B decay. Therefore, the selection criteria determined by
charged B decays are also applied to neutral B decays.

Table 5.11 summarizes the reconstruction efficiency. The numbers of reconstructed signal
and the background events in the generic B decay MC samples are also shown.
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Figure 5.25: A scatter plot of the reconstructed B* — D7 (hT 1, )v, candidates in the | M M |-
cos f plane. The upper two figures are obtained in the 77 — 7%, decay, and the lower two
figures are obtained in the 7% — pt(777%)7, decay. The left figures show the distributions
obtained from signal MC. In the right figures, the background distributions are shown by gray
points and the signal distributions are shown by black points.

137



B*— Dt(evv)v BG

B* —> D7(evv)v signal

Arbitrary (log)

. 2| Hl““’tH J‘Pﬂnﬂ.nn.n

| | 11 | 11 | | 11 | | | 11
0 2 4 6 8 0 8
IMME [(GeV/c?)%) IMMP [(GeV/c?)*
=
°
> B* — D7(wuvv)v signal B* — D7(uvv)v BG
O
:’é
<
1 | 1 1 1 | 1 1 1 | 1 1 | 1 1 1 1 1 1 1 H-IH ﬂm”l ”l 1 1 | 1 1 1
0 2 4 6 8 0 2 4 6 8

IMMF [(GeV/c?)?) IMMF [(GeV/c?)?
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‘ Decay mode ‘ efficiency (%) ‘ Br ‘ Nsig ‘ Npkg ‘

DOrF (tH o), 4.9+0.3 13.5 x 107* | 213 | 293
DO+ (ht o), 10.9+0.5 | 13.6 x 107% | 476 | 2085
D=rH(tF o), 0.74+0.2 6.2x107* | 15 | 22

D=rH(ht o)y, 33+04 6.4x 107" | 68 | 194

Table 5.11: Summary of the reconstruction efficiencies. The numbers of reconstructed signal
(Nsig) and the background events (Npkg) in generic B decay MC samples are also shown, where
Br(B — Dr7v;) = 8 x 1073 is assumed.

5.5.4 Background Components

The dominant background source in the BT — D7+ (hT 7, ), signal region is the decay BT —
D*¢Tyyrt, due mainly to a missing /T and a slow pion from the D*~. The next largest
background modes are BT — D*%/*y, with a missing  or ¥ from the D** and misidentification
of #* as 7t, and the BT — D*¥7%y, with a missing slow pion. In this study the BT —
D7+ ((*,v)v, decay is considered as a background for the B — D=7 (h*i, ), analysis;
they contribute to the signal region due mostly to misidentification of the ¢* from the 77 decay
as 7. The sum of the background modes listed above are ~ 45% of the total background. The
contribution from Dy inclusive decays is ~ 8% of the total.

The largest contribution to the BY — D=7+ (¢{*v,1,)v, signal region comes from Bt —
D*~ ¢ty where both pions from BT and D*~ are missed. The next largest background
components are BT — D*%*y, and BT — D*r v, when the v or 7° from the D*0 are missed.

The dominant background mode in the BY — D~7%(hT 1, )v, signal region is B — D=7 v,
with a mis-reconstructed 77; the next largest is B — D*~ T, although it is only ~ 20% of
the total. No other background modes make significant contributions in the signal region.

For the B® — D=7 (¢*0,1,)v, mode, because of the small MC statistics, we cannot yet
evaluate the background.

5.5.5 Statistical Significance

As described in subsection 4.1.2, the full reconstruction efficiencies for charged (neutral) B
mesons are estimated to be around 0.2% (0.1%) for a purity of about 80%.

Table 5.12 lists the expected signal yields and backgrounds at integrated luminosities of 5
and 50 ab~!. The values include a correction for the purity of Bg, reconstruction. We assume
Br(B — D77v;) = 8x 1073 in the table. The values listed are obtained by scaling the results in
Table 5.11 according to the integrated luminosity. The expected uncertainties in the measured
branching fraction (6(Br)/Br) are also shown.

The branching fraction for Bt — D% v, is expected to be determined with 120 statistical
significance at an integrated luminosity of 5 ab~!. The branching fractions of the neutral B
modes can also be measured at 50 ab™! with 11o significance.

5.5.6 Systematic Uncertainty

Major sources of systematic uncertainty in the branching fraction measurement in B — D77 v,
decay are expected to be By, reconstruction efficiency and purity, particle identification efficiency
and purity, and the slow pion detection efficiency.
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Decay mode 5ab 1 50 ab™ !
Nsig | kag | 5(BT)/B’I“ Nsig | kag | (s(B’l“)/B’l“
DY+ (0T v, | 280 4+20 | 550 & 20 7.9% 2800 +50 | 5500 4+ 70 2.5%
DY H(hT i, )v, | 620 £20 | 3600 & 60 6200 + 80 | 36000 =% 200
D=ttty | 1043 21+5 28.5% 98 £ 10 210 £ 10 9.0%
D=7t (hT ), 45+ 7 170 + 10 450 4+ 20 1700 £ 40

Table 5.12: The expected signal yields and backgrounds at integrated luminosities of 5 and
50 ab™!, assuming Br(B — D7tv,) = 8 x 1073. The expected uncertainties in the measured
branching fraction (6(Br)/Br) are also shown.

20 20¢
X Doubled error
18 F 18
16 3 p7=1.33+0.22 16 3 N p7=1.33+0.22
F e 8p3/p? =0.10 F A 8p3/p? =0.10
A T N — 8p3/p3 = 0.05 1r AN 8p7/p3 = 0.05
x 12F x 12F '
10 F . 10 F .
[ X .
5 L ... N .,"" ........
8 - T, . e ° 8 o e
6 T . 6 F .
4. sl M PP ErErar | M PR 4 P | M PEEEEErarar |
1 10 1 10
Integrated luminosity [ab™] Integrated luminosity [ab™]

Figure 5.27: The left figure shows the maximum R constrained by the B* — D% v, branching
fraction measurement as a function of the integrated luminosity for several values of §p?/ p%|exp.
The right figure shows the same plot for the case with double the uncertainty in the measured
branching fraction

5.5.7 Constraints on the Charged Higgs Mass

Figure 5.27 (left) shows the maximum R value constrained by the branching fraction measure-
ment of BT — DY Tu, as a function of the integrated luminosity for several §p?/ p%]exp. The
right figure shows the case assuming a doubled uncertainty of the measured branching fraction.
The systematic uncertainty in the branching fraction measurement is not considered. We ignore
the uncertainty in §B/B|exp, that comes from the uncertainty in the BT — DYuTv, branching
fraction because it can be determined much precisely than that of D7 v,.. We expect

Myt
S w tan 8

M
= 11

at an integrated luminosity of 5 ab™!, assuming that the current p? precision is unchanged.
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Source Irreducible Error of S Error of A

Vertex reconstruction Vv 0.012 0.009
Flavor tagging 0.004 0.003
Resolution function 0.006 0.001
Physics parameters 0.001 0.001
Possible fit bias 0.007 0.004
Background fraction 0.006 0.002
Background At shape 0.001 0.001
Tag-side interference Vv 0.001 0.009
Total 0.017 0.014

Table 5.13: Systematic errors on A and S measured with the J/1K° mode at 492 fb~!.

5.6 sin2¢,

Very precise measurements of sin2¢q, or S; JKY» will remain important at SuperKEKB. There
are two major reasons. One is to search for a new CP-violating phase in b — s transitions
by testing the SM prediction Syro = S/px0 (see Sect. 3.4.4). The other is to check the
consistency of the Unitarity Triangle. As explained in Section 2.4.2, sin2¢; can be determined
using the B — J/¢K° mode with very small hadronic uncertainties. It is also insensitive to
effects beyond the SM. Thus it serves as a reliable reference point for the SM.

In the present measurements of sin2¢; B — J/Y K9, J/pK*O (28)KY, xa1 K and K2
decay modes are used in addition to the B® — J/¢y K g decay to reduce the statistical uncertainty.
However, with an integrated luminosity of 5 ab~! the systematic uncertainties will become
dominant. Therefore, in this study we use only the gold-plated mode B® — J/¢(— £t07)KY,
where K° denotes Kg — mtr” or Kg, to minimize systematic uncertainties. We perform MC
pseudo-experiments assuming that the performance of the detector at SuperKEKB is identical
to that of the present Belle detector. The analysis procedure for the measurements of time-
dependent C' P asymmetries at Belle is described in Section 5.1.2. An example of a fit to a At
distribution for B® — J /ng candidates in a MC pseudo-experiment at 5 ab™! is shown in
Fig. 5.29.

Sources of systematic errors include uncertainties in the flavor tagging, in the vertex recon-
struction, in the background fractions and At distributions, in the resolution function, in Amy
and Tpgo, a possible bias in the fit, and the effect of interference [103] in the fi,q final state. Some
of these uncertainties are evaluated from control samples, which have large but finite statistics.
As the integrated luminosity increases, this part of the systematic error will decrease. In order
to estimate the expected systematic error at 5 ab™!, we therefore need to separate such reducible
systematic errors from the other part, which is irreducible. In this study, we conservatively as-
sume that uncertainties that do not arise from statistics of control samples are irreducible, and
remain the same as the integrated luminosity increases. Further studies on these “irreducible”
errors will probably find a way to reduce them. Table 5.13 summarizes the sources of systematic
errors for S (= sin2¢1) and A [104]. All the values are evaluated at 492 fb=1.

The total irreducible systematic error for S is estimated to be 0.012 for S,y xo. The domi-
nant sources of the irreducible systematic error are uncertainties in the interaction-point profile
(0.0072), dependence on the vertex selection-criteria (0.0064), the effect of detector misalign-
ment (0.0056) and possible bias in the Az determination (0.0041). The systematic error for A
is dominated by the tag-side interference and vertex reconstruction. As mentioned above, there
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At(ps)

Figure 5.29: An example of a fit to a MC pseudo-experiment at 5 ab™!.
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Statistical Systematic Total
reducible | irreducible

Sypro (492 b7 1) 0.031 0.012 0.036
(sin2¢;) (5 ab™!) 0.010 0.004 0.012 0.016
(50 ab™1) 0.003 0.001 0.012

Ajpro (492 b1 0.021 0.006 0.025
(5 ab™1) 0.007 0.002 0.013 0.015

(50 ab™1) 0.002 0.001 0.013

Table 5.14: Expected errors in time-dependent C'P asymmetry measurements with the B? —

J/YKY decay at 492 tb=1 5 ab=! and 50 ab~!.

will be a possibility to reduce these “irreducible” errors from dedicated studies. Table 5.14 lists

the expected errors at 492 fb~!, 5 ab~! and 50 ab™!.

The total error for Sy 0, otot(Sy/ypK0), is obtained from

1ot (Sy/prg) = V/0.0812 x 0492/ Ling + 0.0122 x 0492/ Ling + 0.0122,

where L is the integrated luminosity in the unit of ab=!. We obtain o (S T/ xo) = 0.016 at
Lint =5 ab~ ! and 0.012 at Line = 50 ab~!. As will be shown in Sect. 6.2.2, the precise measure-
ment of the sin 2¢; with the 50 ab™! of data will remain the most constraining measurement in

the combined fit to the unitary triangle.
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5.7 s

The CKM angle ¢ is defined as the phase difference between ViqVy* and V,qVip*, and can
be extracted by measuring the time-dependent CP-violating parameter of b — wud decay
transitions [105]. The mixing induced CP-violating parameter S is related with ¢9 via S =
V1 — A?sin(2¢9 + k), where A is the direct C P-violating parameter and k represents an ad-
ditional phase induced by b — dqq penguin transitions, where ¢ = u or d. The phase k is
measurable using isospin relations [106] that provide the relationship among the decay ampli-
tudes and direct CP asymmetries of B and B decays. For B — 7r decays & is expressed in
terms of measurable quantities in Eq. (4.6).

The angle ¢2 has been measured using B — 7w, pm and pp decays by Belle and BaBar collab-
orations. All the results yield consistent ¢o constraints, and the combined ¢o value (89.0fj§)° is
in agreement with the CKM expectation value (92.3J_rg:g)° obtained from measurements of other
CKM angles and sides [107].

In this section, we give a prospect of the ¢ measurements by assuming that we accumulate
5 ab~! and 50 ab™! data at a future high luminosity B factory.

5.7.1 ¢, extraction with B — 7 decays

Both Belle and BaBar collaborations have measured the necessary ingredients of B — 7w
decays for ¢y extraction: the time-dependent CP-violating parameters in B® — 7+7~ decays,
the branching fractions of B — 7t7~, 7%7% and BT — 770 decays, and direct C P asymmetry
in BY — 7079 decays [108,109]. Reference [22] compiles these measurements and evaluates the
world average (W.A.) values.

To extrapolate the measurement errors to the high luminosity B factory experiment, we
categorize them into reducible and irreducible errors. The reducible errors include the statistical
errors and the systematic uncertainties of the probability density function (PDF) parameters,
particle identification requirements and the possible C'P violation effect in the accompanying B
meson decays [110]. Our estimation yields the following irreducible systematic errors: 1% (2%)
from the 7+ (7%) detection efficiency uncertainty in branching fraction measurements; 40.01
from the vertex reconstruction uncertainty originating from the SVD mis-alignment in the S
measurements, and +0.01 from the asymmetry of charged particle detection efficiency in the A
measurements.

All the W.A. measurement values in Ref. [22] are dominated by reducible errors. Hence, to
estimate the ¢ sensitivity with 5 ab~!and 50 ab~'data, we scale the size of the errors by inverse
square root of the integrated luminosity, and separately consider the irreducible systematic errors
that are unchanged throughout the data accumulation. For the isospin analysis, we use slightly
different central values from Ref. [22] to close the isospin triangle. Table 5.15 summarizes the
central values and the expected errors of the measurements.

To constrain ¢9, we employ the statistical treatment of Ref. [107]. The isospin relations
suggest that the branching fractions and C' P asymmetries in B — 7 decays are described with
six parameters, one of which is ¢. We construct a y? using the six parameters with constraints
from the values and errors in Table 5.15. We minimize the x?(¢2) for each ¢ value in the range
of 0° to 180° by varying the remaining five parameters, and calculate the minimum y? value,
x2:.- The x?(¢2) values are translated to a confidence level (C.L.) value using the cumulative
distribution of Ax? = x%(¢2) — X2, for one degree of freedom.

It has been pointed out in Ref. [111] that the mixing induced CP-violating parameter in
B — 7970 decays, S,o0,0, is measurable using photon conversion occurring in the detector
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Table 5.15: The measurement central values and expected errors in B — 7w decays. The
branching fractions are given in 107%. The errors of W.A. include statistical and systematic
uncertainties. The first (second) uncertainty at 5 ab~! and 50 ab~! represents the reducible
(irreducible) error.

central values errors of expected errors
W.A. [22] at5ab! at 50 ab~!

B(ntw™) 5.21 +0.20 4+0.09 +0.10 +0.03 +£0.10
B(rtrY) 5.61 +0.40  4+0.17+£0.17 £0.05 £0.17
B(77%) 1.35 +0.21  +0.09 £0.05 =40.03 +0.05
Srtn— —0.66 +0.08 +0.04 +£0.01 +0.01 £0.01
At +0.37 +0.07 4+0.03 £ 0.01 +0.01 £0.01
8,100 +0.92 N.A. N.A. +0.23

Aoz0 +0.16 +0.33 4+0.14 +0.01 +0.04 £ 0.01

material close to the interaction point. The 7 Dalitz decay can also be used in the measure-
ment. Electron pairs combined with the information on the interaction region profile enable
the determination of the B meson decay vertex which is impossible using neutral particles only.
Using a toy MC simulation with the continuum and BT — pt7% backgrounds, the measurement
precision of S,o,0 is estimated to be 0.23 with the 50 ab~! data. It should be noted that the
upgraded vertex detector would increase the number of photon conversions by around 50% and
would thus additionally improve the accuracy of the measurement.

Figure 5.30 shows a 1—C.L. plot as a function of ¢ for three cases: 5 ab™!, 50 ab™! without
S.0.0 and 50 ab™! with S 0.0. As shown in the figure, the impact of S 0,0 is significant for
reducing the ambiguity of the ¢2 solutions. The 1o error for the solution at ¢ = 90° is estimated
to be £10° and +3° for the 5 ab™! and 50 ab™—! data samples, respectively.

We note that the ¢o measurement precision of +3° is in magnitude similar to the effect of
the isospin breaking [112], which represents an inherent uncertainty of the method to extract
¢2, and includes the effect of 7°-n-n’ mixing, < 1.6° [113,114], contributions of the electroweak
penguin transitions, (1.5 £ 0.4)° [113,115,116], and the AI = 5/2 contributions caused by
electromagnetic rescattering of two pions, ~ 1% [117].

5.7.2 ¢y extraction with B — pm decays

Although the final state of the decay B® — pTn~ is not a C'P eigenstate, this decay can
proceed from both B® and B°. Therefore, the mixing-induced C'P violation in B® — p*n¥
and B? — p*tnT decays are sensitive to ¢o. The C P-violation parameters in BY — pt7~ were
measured by both Belle [118] and BaBar [119] collaborations using the quasi-two-body decay
approximation.

Synder and Quinn [120] proposed a time-dependent Dalitz plot analysis in B® — 7t7— 7
decays for extracting ¢o. The time- and Dalitz plot-dependent differential decay rate is

dr

Rtds s XA Al [an ) = uag(Asel? = s ) cos(Amas)

F g2 L%A;;ngﬁ] sin(AmgAt)},  (5.45)
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Figure 5.30: Confidence level as a function of ¢o using B — 7 decays and isospin relations.
The solid and dashed curves show the C.L. with the 5 ab™! and 50 ab™! data without S,o,0,
respectively. The filled curve shows the C.L. with the 50 ab~! data and S,0,0. The measurement
of S,00 is important to reduce the ambiguity among the ¢ solutions. The two dotted horizontal
lines indicate 68.3% (10) and 95.4% (20) C.L.
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where
sy = (pr+p0)>  s-=(p- +p) (5.46)

are the Dalitz plot variables, and p,, p_ and py are the four-momenta of 7+, 7= and 7Y,
respectively. The amplitudes As, and As; are

Azp = Z fN(S_HS_)AN, Z37T = Z 75(5+7S—)ZH? (547)

I{:( ,—,0) “:( 1_70)

where A% (AF) are complex amplitudes corresponding to B? (BY) — ptrn—, p=nt, p'zn% for
k =+, —, 0. The function f. (f,) determines the kinematic and dynamical properties of the
Dalitz plot of the B® (B?) — (pm)? decays. Using Eq. (5.45) to describe the 3-dimensional
distribution one can determine all the magnitudes and relative phases of A® and A®. The six
amplitudes are related with ¢ as

pt2iv AT LA A (5.48)

At + A=+ A0

Therefore in the limit of high statistics we can determine ¢o without discrete ambiguities.
Belle [121] and BaBar [122] have performed Dalitz plot analyses, and have obtained mild 1o
constraints for ¢s.

The ¢ constraints from the B — pr decays at present (approximately 1 ab~! of data with
Belle and BaBar combined) are not so restrictive compared to those from B — 7w and B — pp
decays. With a large data sample at a super B factory, the Dalitz plot analysis is in principle
able to pin down a unique ¢2 solution. To this end, we need a better understanding of the
contributions from the radially excited p states, p(1450) and p(1700), and from other decay
modes, such as BY — £3(980)7", o7, wn® and non-resonant 7+ 7~ 7, which will be dominant
sources of systematic uncertainties. The contributions of the B — 777" decays other than
(pm)? are expected to be measured using the Dalitz plot analysis with a large data sample.

For the sensitivity study of the ¢y extraction using the B — 7t7~ 70 decay channel, we
employ the C P-violating parameter values based on the Belle’s measurement with a small mod-
ification to have a ¢y solution at 90°. The size of statistical errors is scaled by the inverse
square root of the integrated luminosity. We assume that the systematic uncertainties caused
by the contributions of BY decays other than (pm)? are reduced to about a third of the values
in Ref. [121].

Figure 5.31 shows the obtained C.L. as a function of ¢9 using the combination of the Dalitz
plot and the pentagon isospin relations [123]. As shown in the figure, the ¢o is determined
almost uniquely with the 50 ab~!data. The precision of the ¢, measurement is £3° (£1.5°)
with the 5 ab=! (50 ab™!) data.

The electroweak isospin breaking effect in B — pm decays is identical to that in B — 7w
and B — pp decays. While the isospin breaking in the tree amplitudes has no effect to the
¢2 extraction in the time-dependent Dalitz plot analysis, there is the isospin breaking effect in
the penguin amplitudes, mainly caused by 7%-n-n' mixing. Since the magnitude of the penguin
amplitudes are small in the B — p7m decays, the isospin breaking effect is expected to be small
(< 1°) [113].

5.7.3 ¢, extraction with B — pp decays

The B — pp decay contains two vector particles in the final state. Thus, for the measurements
of the C' P-violating parameters in B® — p*p~ decays, both C'P-even and C P-odd components
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Figure 5.31: Confidence level as a function of ¢9 using the B — pm Dalitz plot analysis and
isospin relations. The solid and filled curves show the C.L. with 5 ab~'and 50 ab~!'data. The
horizontal lines indicate 68.3% (1o) and 95.4% (20) C.L.
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Table 5.16: The measured central values and errors in B — pp decays. The branching fractions
are in 1075, The errors of W.A. are the total errors. The first and second error for 5 ab™! and
50 ab—! data are the reducible and irreducible error, respectively.

central values errors of errors at errors at
W.A. [22] 5ab~! 50 ab~!
B(pTp™) 23.1 +3.3 +1.1+£2.6 +0.4+2.6
B(p*po) 18.2 +3.0 +0.8 £ 1.7 +0.3 £ 1.7
B(p°p%) 1.16 +0.46  +0.13+£0.12 +0.04 £0.12
5p+p, 0.00 +0.17 +0.08 £ 0.03 +0.03 £0.03
Ap+p— 0.00 +0.13 4+0.05 £0.03 £0.02 £0.03
Spopo 0.00 N.A. +0.31 £ 0.03 +0.10 £0.03
.Apopo 0.00 N.A. 4+0.26 £0.03 £0.08 £0.03

have to be taken into account. For each of the pp helicity amplitudes the same isospin relations
are valid as for the 7r final states. The polarization measurements of B — pp decays, however,
show that the final pp state is almost purely longitudinally polarized [124-128], indicating that
the final state is an almost pure C P-even state. This simplifies the isospin analysis by reducing
it to the C'P-even, longitudinally polarized component only. The BaBar collaboration finds
evidence for B — p°p° signal events with a 3.5¢ significance; the branching fraction is measured
to be B(BY — p%°%) = (1.07 £ 0.33 £ 0.19) x 1076 [128], which is much smaller than those of
BY — ptp~ and BT — pTp° decays as shown in Table 5.16. Belle uses an even larger data
set [129], but observes no signal and puts an upper limit of B(B® — p°p°%) < 1 x 1076 at 90%
C.L. Since the tree contribution to BY — p%Y is colour suppressed the decay is sensitive to
possible penguin contribution. The low measured rates imply that the penguin pollution in the
B — pp decays is much smaller than that in the B — 7w decays. Therefore the B — pp decay is
a promising channel for measuring ¢, provided that we measure the C P-violating parameters
of BY — p°p°0 decay.

To estimate the ¢9 sensitivity with the B — pp decays, we assume that the longitudinal
polarization fraction is 100% for simplicity. We also assume that there is no direct C'P violation
in B — pp decays since the penguin pollution is small. By choosing ¢o = 90°, all the CP-
violating parameters are set to zero. Table 5.16 shows the central values and errors of the
branching fractions and C P-violating parameters. The statistical errors for Sy,0 and A0 are
estimated using a toy MC simulation assuming that the signal-to-noise ratio is 0.22, which is
inferred from Ref. [128].

For the B — pp decays, there are additional systematic error contributions: the self-cross-
feed, unknown B decay background contributions, unknown C'P violation of the B decay back-
grounds and interferences between B — pp decays and other 47 final states such as B — ay,
prm and . We also take into account the uncertainty of the longitudinal fraction; its error
is expected to be 1% with a large data sample. We assume that the uncertainties of the inter-
ferences are irreducible, and other uncertainties are reducible. We assign 5% for the irreducible
error on the branching fraction, and +0.03 for the C'P violating parameters in BY — pTp~ and
Y00 decays.

Figure 5.32 shows the obtained confidence level of the ¢ constraints based on SU(2) isospin
relations. The 1o error for the solution at ¢ = 90° is £3° (£1.5°) for the 5 ab=! (50 ab™!)
data assuming the isospin relations.
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Figure 5.32: Confidence level as a function of ¢ using B — pp decays and isospin relations.
The solid and filled curves show the C.L. with the 5 ab~'and 50 ab~!data, respectively. The
two dotted horizontal lines indicate C.L.=68.3% (1o) and 95.4% (20).

While the electroweak penguin isospin breaking effect in B — pp decays is exactly the same
as in B — 77 decays, the p-w mixing of < 2% [112,113] and the possible existence of an I = 1
final state with a fraction (’)(Ff, / m%) [130] also contribute to the theoretical uncertainties of the
¢ extraction. The total uncertainty from those effects is comparable to the ¢9 measurement
precision at the high-luminosity B factory.

5.7.4 Status of B — a;7 decays

The final state of B — cﬁﬂ_ decays contains a vector and a pseudoscaler particle, like B — prr.
Hence one would think of the same procedure as for B — pm decays to extract the ¢o. However,
the B — (a17)° — 7’70 decays have no overlap region between the af and a resonance
bands, and the interferences with the B — p*p~ decays having the same final state would
complicate the analysis. In Ref. [131], the authors propose to measure the time-dependent
C P-violating parameters with the quasi-two-body decay approximation of B® — ait7ﬁ decays
with four charged pions in the final state. The parameters are used to estimate the effective
#2 (¢ST). The bound of Agy = ¢5T — ¢o can be obtained using SU(3) relations between the
branching fraction of B® — a7~ and the branching fractions of B — a1 K, B — K1(1270)7
and B — K;(1400)m decays.

BaBar collaboration has reported the first measurement of the branching fraction, B(B? —
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Figure 5.33: Confidence level as a function of ¢o using B — 7w, pm and pp decays. The solid
and filled curves show the C.L. with the 5 ab—tand 50 ab—!data, respectively. The two dotted
horizontal lines indicate C.L..=68.3% (10) and 95.4% (20).

a;m) = (33.2 £ 3.8 £3.0) x 107¢ [132], and time-dependent CP-violation parameters with
ST = (78.6+7.3)° [133]. Conservatively assuming that roughly half of the systematic uncertainty
scales with the luminosity (mainly uncertainties due to the unknown level of C'P violation in
the BB background and the uncertainty due to the interference between ajm and other 4w
final states; these uncertainties will be reduced with more available data) one can expect a
measurement of d)‘%ﬁ with a precision of around 2°-3° with an integrated luminosity of 5 ab™!
using this quasi two-body decay mode.

5.7.5 Summary of the ¢, measurements

We review the prospect of the ¢o constraints with the B — 7w, pm and pp decays at a high
luminosity B factory. The ¢2 measurements with the B — w7 and pp decays provide an accuracy
of a few degrees, comparable with the isospin breaking effect, but a two fold ambiguity remains
from the isospin analysis. On the other hand, the B — pm decays yield a single solution of ¢9
with a precision of one degree, provided that we reduce the systematic uncertainties caused by
the contribution of B® decays other than (p7)? to about a third of the current values. Figure 5.33
shows the combined ¢ constraints using B — 77w, pm and pp decays. The measurement error
with the 5 ab=1(50 ab~!) data sample is 2° (< 1°).
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5.8 o3

5.8.1 Introduction
The CKM weak phase ¢3 is defined as

(5.49)

VdV
b = —arg [ TeLb ]

VedVy

which is independent of the quark phase convention. In the standard phase convention, all
elements of the CKM matrix except for V,; and V;4 are nearly real, and in particular both V4
and —V,4V; are (nearly) real and positive, and we have

¢3 =argV,, (standard phase convention). (5.50)

As pointed out by Gronau and London, one can use the interference between b — cts and
b — ués transitions to access the angle ¢3. In the case of charged B — D™ K®) decays, where
the neutral D™ meson produced is an admixture of D®)° (produced by a b — ¢ transition)
and D*)0 (produced by a colour-suppressed b — u transition) states, the final state f is chosen
so that both D®° and D™ can contribute. The two amplitudes interfere, and the resulting
observables are sensitive to ¢3. There is no penguin contribution, so almost no theoretical
uncertainties.

Various methods have been proposed to exploit this interference, the final state f can
be a CP eigenstate (e.g. KTK~, K3n®) (GLW method [134, 135]), a suppressed final state
(ADS method [136, 137]), or a self-conjugate three-body final state, such as K2n"n~ (Dalitz
method [138,139]). All these methods are limited by statistics but have common B parameters,
so combining them will bring more than statistics.

The flavor-tagged time-dependent measurement of D™ =7+ and its charge-conjugate mode
measure this time sin(2¢; + ¢3) and is also affected by a strong phase. One can fully reconstruct
the D~7t and D* 7t final states, or use a partial-reconstruction technique where D° of the
decay D*~ — D% is not explicitly detected. The latter has more statistics but suffers from a
larger background. In both cases, the value of r, the ratio of Cabibbo-favored amplitude to the
Cabibbo-suppressed amplitude, needs to be input.

More on the theoretical frameworks for each mode as well as the sensitivities are covered in
the following subsections. The general strategy of the ¢3 measurement is to perform a simulta-
neous fit which includes the results from the different methods listed above. The parameters,
such as amplitude ratio rp, are common and can be constrained using both ADS and Dalitz
methods, and thus improve the ¢3 accuracy.

5.8.2 The GLW and ADS methods

In the B¥ — DK® decay, the number of ¢ or & quark in the final state is one, and as a result the
penguin processes b — s/d cannot contribute. When the neutral D meson is detected in a final
state that can come from D° or D?, the two processes B~ — DYK~ and B~ — DK~ interfere.
Diagrams contributing to B¥ — DK™ are shown in Figure 5.34. They are categorized in terms
of the CKM factors involved (A. = ViV and A\, = V,,uV%) and type of processes (T: color-
favored tree, C: color-suppressed tree, A: annihilation). B~ — DYK~ receives contributions
from T and C both with the CKM factor \., while B~ — DYK~ can proceed by C and A both
with the CKM factor A,. Thus,

A(B_ — DOK_)

A(Bt — DYK™)
arg — 05
A(B— — DVK-)

=08 = 0s, MR R

—dptds,  (551)
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Figure 5.34: Diagrams contributing to the B¥ — DK™ decays.

where 0p is the strong phase difference. We used the notation

arg % = arg “;u:“//‘f = —¢3, (standard phase convention) (5.52)

and took into account the change of the weak phase sign foE charge conjugated decay (strong
phase sign is not changed). The absolute size of A(B~ — DYK~) or A(B~ — DK ™) is the
same for charge conjugate decays:

|A(B~ — D°K™)| = |ABt — D°K™)
|A(B~ — D°K™)| = |ABt — D°K™)

(5.53)

=B
= A (5.54)

If D° and D(i are detected in a C'P eigenstate such as K~ K™ (which is CP-even mode; i.e.
Dy = (D° 4+ D°)/+/2), the decay rates of B are, up to an overall constant of 1/2,

2
(B~ — D1K") = A% + B? + 2ABcos(65 — ¢3), (5.55)

’ A+ Beil6n—03)

. 2
(BT — DiK*") = ‘A + Beil0+99)|” = A2 4 B2 1 9ABcos(0p + d3).  (5.56)

Then, there can be a decay rate asymmetry [134,135] between B~ — D; K~ and BT — D1 K™:

I'p,k- —Tp,k+ —2rpsindp sin @3
Ay = = 5 : (5.57)
Ipxk-+Tp g+ 1+ry+2rpcosdpcosps
with
=5 (5.58)
rB= - _

The value of rg, the ratio of the magnitudes for the two amplitudes, is expected to be around 0.1,
due to color suppression and a numerically slightly smaller co_mbination of the CKM elements.
For the C P-odd final states (such as Kg7¥; i.e. Dy = (D — D°)/1/2), the asymmetry becomes

Ay = Ip,xk- —T'pyr+ 2rp sin dp sin ¢

= = . 5.59
I'p,x- +Tp,x+ 1+r% + 2rp cos dp cos ¢3 ( )

Belle reported a study with C'P modes using a limited sample of 275 x 10° BB events [140],
getting clear signals (about 140 signal candidates in Dy and D cases) but no significant asym-
metry.
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When the final state is not C'P eigenstate (f # f), the decay rates for B — D® KT,
D™ — f. can be written as

T+ o %4 +rh+2rgrpcos (g +0p F b3), (5.60)
(%)0_,
where the ratio of D® decay amplitudes is defined as rp = %. The strong phase

differences between the B and D*) decay amplitudes are given by 65 and dp, respectively. As
shown in [141] there is an effective strong phase difference of m between the D°7% and D% final
states. This has a significant impact to the ADS method. In this approach, we measure the

ratio for B decays to suppressed and favoured final states: R = gggj’f%.

such ratios separately for B~ and B, for both cases D* — Dr" and D* — D-~, we see

If we consider

Ry (D* — Dn%) = ri+rh +2rgrpcos(6p +6p F B3)., (5.61)
R+ (D* — Dy) = rE+rs —2rgrpcos(dp +0p F ¢3) . (5.62)

Since there are four independent equations, which contain only three unknowns (the value of rp
is known from D decays), ¢35 can be extracted, up to the usual four-fold ambiguity. Compare
this to the standard ADS analysis; for any particular B decay one finds only two independent
equations, which cannot be solved for three unknowns.

The charge averaged rates are given by

R (D* — Dn°) = 1% +rh+2rprpcos (65 + 0p) cos (¢3) (5.63)
R(D* — Dvy) = 7%+ —2rgrpcos (g + 6p) cos (¢3), (5.64)

so that
(R (D* — Dr°) + R(D* — Dv)) /2 = 1% + 1}, (5.65)

does not depend on any phase. Hence the value of rg in B~ — D*K~ decays can be straight-
forwardly obtained.

Figure 5.35a shows the AE distribution for B~ — DK~, D — K7~ using 605 fb~! of
Belle data [142]. The detection efficiency was estimated by MC to be 15.4% and no evidence for
signal is seen. The limit on rp was obtained assuming maximal interference (¢3 = 0°,dp = 180°
or ¢3 = 180°,6p = 0°) and is found to be rg < 0.19 at 90% confidence level, as shown in
Fig. 5.35Db.

5.8.3 The Dalitz analysis

A Dalitz plot analysis of a three-body final state of the D meson allows one to obtain all the
information required for determination of ¢3 in a single decay mode. The use of a Dalitz plot
analysis for the extraction of ¢3 was first discussed by D. Atwood, I. Dunietz and A. Soni, in the
context of the ADS method [136,137]. This technique uses the interference of Cabibbo-favored
D — K~—7t7% and doubly Cabibbo-suppressed D® — K~ 7t7% decays. However, the small
rate for the doubly Cabibbo-suppressed decay limits the sensitivity of this technique. Three
body final state Kg7r+7r_ [138,139] has been suggested as a promising mode for the extraction
of ¢3.

If an amplitude of D° decaying to a point in the Dalitz plot, m?*(K9r") = m2 and
m?(K9r~) = m?2, is given by f(m?%,m?2), then an amplitude of D° decaying to the same
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Figure 5.35: (a) AF distribution for B~ — D[K 7~ K~ using a Belle data sample of 605 fb~!,
(b) the corresponding rp constraint, rg < 0.19 at 90% CL.

final state can be written as f(m?2, m%r) where the two arguments are simply exchanged. This
is due to the approximate C'P conservation in the D decay. Explicitly,

A(DO)(ngJH' =M+, ngﬂ'_ =m-
A(DO)(ngdﬁ' =My, ngﬂ'_ = m—) = f(m2—7 m?l-) (566)

The total decay amplitude for B~ — DK~ followed by D — KrTn~ is then
M- = A(D0—>Kgﬂ+ﬂ— K_)
= Alf(mZ, m2) +rpe'®5=%) f(m? m?)], (5.67)

K™)+ A(DO_J(g

nta—

where A, rp, 0p are defined in the previous section.
The total decay amplitude for BT — DK, D — K3ntn~, where m?(K27") = m% and
m?(K9m~) = m?%, is similarly

My = A(DiKgﬁﬁ—Kﬂ +A(D0_,Kgﬁ+ﬂ—K+)
= A[f(m%, m3) 4 rpe®PT) f(m3, m?))], (5.68)

where the sign of ¢3 has flipped while the strong phase dp remains the same.

The Dalitz plot for D° — K77~ based on the Belle measurement [143] is shown in
Fig. 5.36. As can be seen from the Dalitz plot, the distribution is highly asymmetric under the
exchange of m K9r+ and myo, - which indicates that the interference in the Dalitz plot has a
good sensitivity on the phase between the two terms of (5.67) and (5.68). The phases dp — ¢3
and dp + ¢3 are obtained from the separate fits for B~ and BT decays; ¢3 can be extracted
from them.

Figure 5.37 shows the AE and M, distributions for B* — DK* D — ng+7r_, based on
605 fb~! of data, and the Dalitz plots of the D decays are shown in Fig. 5.38 separately for B+
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and B~ [143]. The results of an unbinned maximum likelihood fit for the parameters rp, 0p
and ¢3 are shown in Fig. 5.39.

A simultaneous fit with DK, D*K (D* — Dz° and D* — D~) final states yields ¢3 =
(78.4 T10-8(stat) & 3.6(syst) & 8.9(model))°, where the first error is statistical, the second are
experimental systematic errors, and the third error is additional systematic errors due to the D
decay model dependence. The other parameters, rp and dp, are summarized in the Table 5.17.

DOK_ D*OK—
B 0.1607 050 & 0.011700%0  0.1967 0% & 0.01270 003
o (°) 13677133 4+4.0+229  341.97180 +£3.04+22.9

Table 5.17: rp and dp parameters obtained for the DK, D*K (D* — Dn% and D* — D7) final
states.

5.8.4 ¢3 sensitivity with 50 ab™!

Concerning the Dalitz method, statistical and experimental systematic errors will be reduced
significantly with luminosity. However the total uncertainty will be limited by the model error
of the order of 10°. A new method [138,144] was suggested to overcome this problem. It has
been shown that the D model uncertainty can be eliminated using the sample of neutral D
mesons decaying into C'P eigenstates. This sample can be obtained at charm factories, such as
CLEO-c [145] that is currently taking data, and the BESIII/BEPCII complex [146], which is an
upgrade program at Beijing; these experiments provide copious decays of 1(3770) mesons into
two neutral D mesons.
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The density of D — Kgﬂ+7r_ Dalitz plot is given by the absolute value of the amplitude
fp squared: pp = pp(m%,m2) = |fp(m?,m?)|%. In the limit of negligible C P-violation in the
D system the Dalitz plot for D is described by ﬁp(mi,mQ_) = pp(m?%,m?2). The density of
the D decay Dalitz plot from B — DK process is expressed as pg+ = |fp + 7“136‘515&(;53JFD|2 =
pp +7%5Pp + 2/ppPp(TLC+ yss), where 24, ys include the ¢3, strong phase g and amplitude
ratio rp: x4 = rpcos(dp £ ¢3), y+ = rpsin(dp + ¢3). The functions ¢ and s are the cosine
and sine of the strong phase difference Adp between the symmetric Dalitz plot points: ¢ =
cos(dp(m2,m?2) — dp(m?,m%)) = cos Adp, s = sin(6p(m?,m?2) — dp(m?,m%)) = sin Adp.
The phase difference Adp can be obtained from the sample of D meson decays to C P-eigenstate,
for example Kgnt7~. The Dalitz plot density of such a decay is pcp = |fp £ fp|?> = pp +Dp +
2y/ppppec (the normalization is arbitrary). Another possibility is to use a sample, where both D
mesons (we denote them as D and D’) from ¢(3770) meson decay into K%+ n~ state. The four-
dimensional density of two correlated Dalitz plots is peorr(m3., m2, m'Z, m’?) = \|fofp—fofol* =
ppPp + PpPp — 27/PpPDP P (cc’ + ss'), This decay is sensitive to both the ¢ and s.

The Dalitz plot is divided into 2N bins placed symmetrically w.r.t. m?2 < mi transfor-
mation. Then the expected number of events in the bins of the Dalitz plot from B — DK
decay is (N;) = hp[K; + T%K_i + 2/ K;K_;(xc; +ys;)], where K; is the number of events in the
bins in the Dalitz plot of the flavour eigenstate of D°, hp is the normalization constant. The
coefficients K; are obtained precisely from very large sample of D° decays in flavor eigenstate,
which is accessible at B-factories. Coefficients ¢; and s; are determined in charm data analysis.
Then the fit is performed, extracting  and y. The ¢3, rp and §p are obtained from x and y.

The feasibility study [144, 147] shows that statistical accuracy of the model-independent
binned approach is only 10-30% worse compared to the unbinned technique.

Using ~ 10* tagged Dcp decays, corresponding to ~ 15 fb~! of integrated luminosity col-
lected at the (3770) peak, the errors on z, y observables would be o,, ~ 0.0025, whereas
the irreducible experimental systematic is estimated to be o, , ~ 0.003. The current statisti-
cal errors (with 605 fb™!) are scaled for the expected sample of 50 ab™!: o, ,(DK) ~ 0.005,
02y(D*K) ~ 0.013 and 0, ,(DK*) ~ 0.016. Assuming a conservative value of rp of 0.1 and the
central value of ¢3, toy MC samples were generated and for each one the estimation of ¢3 was
obtained (as illustrated in Fig. 5.40).

1

0.8
0.6
1-CL
0.4
0.2 J \
25 50 75 100 125 150 175
Phi3 (deg)

Figure 5.40: ¢3 result obtained for one Dalitz experiment assuming the errors described in the
text.

The average ¢3 error obtained is ~ 2°.
The statistical error of this measurement will be dominating and can be improved by using
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other D decay channels: KSKTK~, ntr~ 7% and K3nTn—n0.

The above result of the Dalitz method can be combined with ADS and GLW results. For
the latter the experimental systematic error is estimated to be o4 r ~ 0.01, dominated by
the detector charge asymmetry, whereas the statistical errors are scaled from the results of
Section 5.8.2. Under these assumptions, the combination of methods yields an error on the
angle ¢3 of about 1.5°.

5.8.5 D®-7t modes

For the final state D®)~7F the amplitudes of diagrams shown in Fig. 5.41 interfere. The two
diagrams contributing to the amplitude a (or b) have the same CKM factors, and information
on ¢3 is contained in
qb
p= E =T eXp((s - ¢w) ) (bw = 2¢1 - ¢37 (569)
where By = pBY — ¢B°, r = |p| and § is the relative strong phase between b and a. The
time-dependent distributions are then given by

Lo- p—n+ (Al) =Ne M2 [(1 4 72) + (1 — 72) cos AmAt — 2r sin(py, — ) sin AmAt]

Ty pen-(At) =Ne A1

It ]
Dyt pro-(At) =Ne VAU [(1472) 4 (1 — r2) cos AmAt + 2r sin(¢,, + ) sin AmAE],

[(1472) = (1 = r?) cos AmAt — 2r sin(py, + 6) sin AmAt]

It ]

| A i) =Ne AU [(1 412 (1 — %) cos AmAt + 2r sin(¢,, — ) sin AmAt

where I'y~ p—r+(At) is the distribution of At = tpr — tiag When the tag-side is BY etc., and
D can also be D*m in which case r and § will be replaced by r* and §*, respectively. The two
relevant observables are r sin(¢,, +0) and 7 sin(¢,, —d). The value of r cannot be obtained by the
fit itself, while the expected value of r* is roughly 0.02. One way to obtain r* experimentally
is to use the SU(3)-related modes B® — DY nt [148]. However, there will be uncertainty
associated with the validity of SU(3). The size of the exchange diagram which is missing for
Dg*)_er can be inferred from the measurement of Dg*HK .

The distributions are plotted in Fig. 5.42 where the value of r is artificially enhanced to 0.1 in
order to show the C'P violating effects clearly. The top two of Eq. (5.70) can be called unmixed
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Figure 5.42: The At distributions of the flavor-tagged Dm modes for r = 0.1, ¢, = 1.2 rad, and
d = 1.0 rad. The solid lines are for D~ 7 final state and dashed lines are for D7~ final states.
The mixing parameter z is taken to be 0.71.

modes and the bottom two mixed modes. As can be noticed in the figure, most information
on CP violation is in the mixed modes where CP violation appears as the height asymmetry of
At > 0 vs At < 0 and the shift of the minimum from At = 0. Note that rsin(¢,, + d) can be
obtained from the third distribution alone and rsin(¢,, — ¢) from the fourth alone. The final
state D*~m™ can be detected by full reconstruction using the standard technique, or can also
be reconstructed by a partial reconstruction method where the DY meson in D*~ — D%~
not explicitly reconstructed. The D™~ 7T methods work even when there are sizable exchange
diagrams while the value of 7(*) needs to be supplied externally.

The distributions of At for B%-tagged D**7~ and D**7~ are shown in Fig. 5.43 for events
with good tagging quality. The analysis was performed on 357 fb~! of data [149]. The full-
reconstruction analysis gave the following results:

2r* 51n(¢w +6%) = 0.050 +0.029 + 0.013,
) = 0.028 +0.028 £ 0.013,

2rsin(fy +6) = 0.031 £ 0.030 + 0.012,
)

2rsin(¢, —6) = 0.068 £ 0.029 £+ 0.012. (5.71)
For 5 ab~! and 50 ab™! of data, the statistical errors will be

ab-1
o(2r* sin(¢py, + 6*)) ~ o(2rsin(¢y, + 0)) ~ { 8882 (%50 ;)_1)) (5.72)

We note that the value of #(*) is approximately 0.02; thus, the above errors correspond to the
errors on sin(¢g,, +0*)) of 0.23 and 0.07, respectively. If the value of ) is known, ¢, = 2¢1 4¢3
(and 6*)) can be extracted from sin(¢,, +6*)). At this time, determining the value of r*) to 23%
seems reasonably possible while 7% seems quite challenging. On the other hand, our knowledge
on r™ will improve significantly by the time 50 ab~! of data is taken. It is possible that the
systematic error on ¢3 due to r*) is not overwhelming even with 50 ab~! of data.
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Figure 5.43: The distributions of At for B%-tagged and fully-reconstructed D*t7~ (a) and
D**71~ (b) candidates at 357 fb~!. Only events with good-quality tag are shown.
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Figure 5.44: Results of the kinematic fits to the D*r candidates based on 605 fb=! of Belle
data. The contributions are D*r (yellow), D*p (magenta), correlated background (blue) and
uncorrelated background (red).
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The statistical situation with the partially-reconstructed D ** 7~ is substantially better. The
helicity of D** in the B rest frame is 0 due to conservation of angular momentum. Thus, the
distribution of the decay angle #* in D*t — D% T decay should have the cos? #* dependence.
One can reconstruct cos®* without explicitly detecting D°, and the distributions based on
605 fb~! of data are shown in Fig. 5.44 separately for the two lepton-tagged datasets. There are
50196 + 286 signal events in the same-flavor sample and the opposite-flavor sample. As a result
of a At fit, the statistical and systematical errors on 2r* sin(¢,, = *) were found to be 0.019 and
0.012 respectively [150]. The statistics uncertainty can be extrapolated to 5 ab=! and 50 ab™!

of data as .
T X 0.007 (5 ab™ .
o(2r* sin(¢py, + 0%)) ~ { 0.002 ((50 ab—1 )) (partial rec.). (5.73)

The background fraction is about 30% and comes mainly from B decays such as D*p and
D**m. The accuracy of these background estimations is likely to improve with statistics. The
uncertainty of 7*, however, may become limiting systematics.

5.8.6 Conclusion

We used three independent measurements (in D) K modes with the GLW, ADS and Dalitz
methods), to estimate a combined ¢3 uncertainty of 1.5° using a data sample of 50 ab=!. All
the methods listed above are theoretically clean, and can thus provide reliable measurement of
the angle ¢3 as a test of the Standard Model and to search for new physics effects.

The flavor-tagged time-dependent measurement of D)~z allows one to obtain a different com-
bination of angles ((2¢1 + ¢3)) with an unprecedented precision providing another independent
check of the Standard Model.
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5.9 |V

5.9.1 Introduction

Precise determination of the magnitude of the Cabibbo-Kobayashi-Maskawa matrix element V,,;
plays a crucial role in over-constraining the unitarity triangle beacuse it directly determines the
side directly opposite the best measured angle (¢1). Measured values of |V,;;| are insensitive to
new physics effects as they are determined from tree level processes in the Standard Model. A
precise measurement, with a relative error of 5% or lower, will be accessible with data from a
high luminosity B-factory.

Currently |Vyp| is best determined from data of semileptonic B — X, /v decays, where
X, denotes a hadronic system containing a u-quark. Purely hadronic channels suffer from
insurmountable theoretical uncertainties while the purely leptonic B decay has a far smaller rate
and an associated unknown of the B-meson decay constant. Experimentally |V,;| is measured
in inclusive and exclusive channels independently. Each suffer from different experimental and
theoretical uncertainties and as such comparison of the results of the two channels provides a
powerful consistency check.

The best present error on |V,;| in any one measurement is about 7% depending on the
theory method used to extract the value [151]. The statistical error is a significant component
contributing 4.5% while the systematic error which includes theoretical uncertainties totals to
about 5.5%.

The high luminosity at the SuperKEKB will enable us to perform high statistics measure-
ments of B — X, /v decays with improved “B tagging”. This will lead to rate measurements
with reduced experimental systematic errors and also to |V,;| extraction much less biased by
theoretical ambiguities because almost all of the available phase space will be accessed. The
current B factories have performed extremely well with ground breaking measurements that,
enhanced, will yield a precision on |V,;| from 2% to 5% - bounds that are respectively ambitious
and conservative.

In this section, we discuss the strategy and prospects for determination of |V,;| at the Su-
perKEKB/Belle experiment using both inclusive and exclusive semileptonic B — X, fv decays.

5.9.2 Theoretical formalisms for the semileptonic B decays
Inclusive decays

The amplitude for B — X,lv inclusive decay can be computed in perturbative QCD using
the Operator Product Expansion (OPE). Since the b quark inside the B meson has momentum
(mpv+Ek)H, where k is the residual momentum of O(Agcp), the OPE is carried out by expanding
the quark propagator as

1 1 myv —q) - k k2

= - ( - “ e
(mpv +k—q)2  (myo — q)? ! (mpv — q)? (mpv — )2 T . (5.74)

Denoting the invariant mass and the energy of the hadron state X, as mx and Ex, the first
term is of order ExAgcp/ m?X while the second term is of order Aéc o/ m_2X

The phase space can be divided into the following three regions (see Figure 5.45): (i) a
generic region where Agop/mx, (ExAgcep)/m3% < 1. In this region, the differential decay
rate can be successfully expanded by the OPE; (ii) a shape function region (or collinear region)
where Agep/mx < 1 and (ExAgep)/m3% ~ 1. In this region, a class of AgepE/m% terms
must be resummed, which can be described by the shape function of the B meson [152-154] and
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its higher twist corrections; (iii) a resonance region where Agcp/mx ~ 1. In this region, the
differential decay rate is dominated by a few exclusive states so that neither the OPE nor the
twist expansion work.

Since the B — X, lv decay suffers from B — X v decay background one has to introduce
the selection criteria of the following kinds:

e lepton energy : E; > (m% —m%)/(2mp),
e hadron invariant mass : m_2X < m%,
e lepton mass : ¢> < (mp — mp)?,

e hadronic light cone : P, = Ey — |Py| < m%/mp

combined (g%, m%) cut.

For the Ej selection, only 10% of the rate is available, which is dominated by the shape
function region. In this region, the lepton energy spectrum at the leading order is given by

v _ Gi|Va|*my,

dE; 9673 /dwe(mb —2F; — w)f(w)v (575)

where f(w) is the shape function defined by

flw) = ﬁ(B[hé(in-DerﬂBy (5.76)

Since this function is a universal quantity of the B meson, it can be measured experimentally
through other processes. For example, the photon spectrum of B — X, decay is given by [155]

dl'  GE|VuVilPagepm]

o e (). (5.77)

Therefore, the extraction of |V,;| can be done without the theoretical uncertainty of the shape
function, if one considers a ratio of weighted integrals over the endpoint regions of B — X, lv
decays and the photon spectrum in B — X, decays as [156,157]

Vub 2 3O‘QED FU(EO)
= Kpert(E O(A/Mp), 5.78
Wb‘/?s( T p t( O)FS(EO) + ( / B) ( )
where
Mgp/2  aI(B — X1
LW(Ey) — / a, LB = Xuly) (5.79)
Eo dE;
2 [Ms/2 dI'(B — X,7)
Iy(Ey)) = ——o dE (B, — Ey)—— 751 5.80
) = g [ an - B S (5.50)

The coefficient Kpe¢(Ep) is a factor from short-distance effect which can be calculated in pertur-
bative QCD. There are two major sources of uncertainties. The first is the unknown higher twist
corrections to the shape function 1/my, [158-161]. Based on model calculations this higher twist
correction is expected to be of order 15% for Ef** = 2.3 GeV. The second is the weak annihila-
tion contribution of O(1/m?), which is estimated as 10% for Ef* = 2.3 GeV [162,163]. These
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two uncertainties can be reduced below 10% by lowering the lepton energy cut by combining
with other cuts.

For the m% cut [164-168], 80% of the kinematic range is available but still the results are sen-
sitive to the shape function. This cut also suffers from the singularity due to the bremsstrahlung
diagram when the partonic invariant mass s = (my — v)? is zero.

For the pure ¢2 cut, 20% of the rate is available and the decay rate is not sensitive to the
shape function [169]. However, the kinematic range is sensitive to the resonance region and the
convergence of the OPE as well as the convergence in the perturbative expansion in «; are slower.
The largest error comes from the weak annihilation contribution of O(1/m3). The rate with ¢ is
also sensitive to the uncertainty of m; [170] as can be seen from the my, dependence of the part;al
— (mp —mp)

1GeV?
For the Py cut, 80% of the rate is available and the decay rate is sensitive to the shape

function, it’s similar to the mx cut but in contrast provides a “buffer zone” against charm back-
ground [171]. The event fraction in this case has been calculated according to the prescription
of Bosch, Lange, Neubert and Paz (BLNP). In BLNP the differential rates are factorized into
perturbatively calculable functions H; (high scales uj ~ myp) and J; (final state hadronic jets
pi ~ /SH ~ y/mMpAqcp) and universal shape functions S; (non-perturbative physics).

To summarize, possible sources of errors are (1) perturbative error from unknown two-loop
corrections, (2) shape function contributions and bremsstrahlung, (3) uncertainties in m;, and
(4) O(1/m3}) power corrections. The optimized method would be obtained by combining the
q® and m% cuts [172] or a pure P; cut [171]. The kinematical constraints mx < mp and
qgut > mpmy — ( &

2
2
decay rate parametrized as I'(¢> > ¢2,;) mbA(qC"t), where A(q?,;) ~ 10 + Jeut

m$t)2, and Py < M3 /Mp reduce the charm background. If we raise ¢2,, the
errors (3) and (4) gets larger while if we lower ¢2,, the errors (2) gets larger and (1) is small in
the intermediate ¢? region. Thus it is important to find the best cut that minimizes the sum of
these errors.

In Table 5.18, we give results of [172] and [171] for the errors of the partial decay rate
normalized by the total tree level parton decay rate defined as

|Vub| mb A2 80 . dr
19271 3 G( cutvmcut q dq 0 dS W (581)

cut

In order to achieve a |V,;| determination with an accuracy at the level of a few percent, ¢2,,=6
GeV? (and m%,, = m%) is the optimal choice. The dominant error in this case is the uncertainty
in myp. It is therefore important to determine the bottom quark mass to 30 MeV/c? accuracy.

Exclusive decays

The exclusive semileptonic decay B — wlv determines the CKM matrix element |V,;| through
the following formula,
ar G2,

iE = aal© k)T = mIP VAPl @), (5.82)

where the form factor f is defined as

2 2 2 2
—m mp—m

(= (W)|@"bB) = fH(¢) <p+k>ﬂ—%qﬂ @ (68

with p and k the B and 7 meson momenta. ¢ = p — k is the momentum transfer and ¢> =
mQB +m?2 —2mpv-k, where v is the velocity of the B meson. Since the most promising approach
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A G

Cuts on (¢?, m_%() G(PysMeut)  AstructG ApertG Ay /3G AG

+80/30 MeV
Combined cuts
6 GeV?2,1.86 GeV 0.38 —4% 4% 13% /5% 6% 15%/9%
8GeV?,1.7GeV 0.27 —6% 6% 15%/6% 8% 18%/12%
11 GeV2, 1.5GeV 0.15 —7% 13% 18% /7% 16% 27% /22%
Pure ¢? cuts

(mp —mp)?,mp 0.14 —— 15% 19%/7% 18% 30%/24%
(mp — mp+)2, mp- 0.17 - 13% 17% 7% 14%  26%/20%

Pure P, cuts G AgiructG Apert G i?(;n 1<7/ICeTYV Ay 3G AG

0.66 GeV? 0.80 9% 8% 10% 10% 19%

Table 5.18: G(q2,, Mecut) and its errors for different choices of (g2, Meut). AstructG gives the
fractional effect of the structure function f(ky) in the simple model which is not included
in the error estimate. Ape+G corresponds to pertubative QCD uncertainties. A,,, G is the
propagated uncertainty on the b-quark mass. A, /m3G relates to uncertainties on uncalculated
power corrections. The total error is obtained by adding each error in quadrature. The two
values correspond to Amés = +80MeV and £30MeV. Table is from [172] with the exception
of the last row, which is from [171]; note that here the uncertainties are within the context of
a different methodology to that of [172], therefore a direct comparison should be treated with
caution.

in which systematic improvement based on the first principle calculations is possible is lattice
QCD, we focus on the lattice computation of the form factors.

Lattice calculations suffer from three major limitations. One is the discretization error from
the large energy of the initial and final hadrons. In order to avoid such error, spatial momenta
must be much smaller than the cutoff, i.e. |7z, |kx| < 1 GeV. This means that the form factors
can be computed reliably only in the range of v-k = E; < 1 GeV or equivalently ¢* > 18 GeV?2.
Another limitation is the fact that due to limited computer power the light quark mass range for
practical simulations is ms/3 < my < mg or my = 0.4 ~ 0.8 GeV. In order to obtain physical
results chiral extrapolation in the light quark masses is necessary. The last limitation is the
large discretization error from the b-quark mass. In the present simulations, the lattice cutoff is
limited to a=! = 2 — 3 GeV, so that the b-quark mass in lattice units is larger than unity. This
makes the discretization error of O(am;) completely out of control. In order to avoid this error,
one either carries out simulations around a charm quark mass region and extrapolates the result
in the inverse heavy quark mass 1/mq (extrapolation method), or uses heavy quark effective
theories, such as NRQCD action or Fermilab action (HQET). In both cases, extrapolation or
interpolation of the form factors in 1/m¢g may be performed using the HQET-motivated form
factors fi(v- k) and fo(v - k) [173]

n
(R bB) = 2 | Fi(w KW + oo )| (5:4)
With this choice the heavy quark scaling law is explicit, and the form factors are simply expanded
in terms of 1/my.
Up until 2004 all lattice calculations of the form factors have been performed only in the
quenched approximation, in which the sea quark effects are neglected. Since then, two groups,
namely Fermilab/MILC and HPQCD have performed unquenched calculations [174], [175]. Both
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employ “np = 2+ 1 flavor” MILC configurations, which use three flavors of improved staggered
quarks: two degenerate light quarks and one heavy quark (= mg). However the groups use
different heavy quark discretizations: Fermilab/MILC use Fermilab quarks and HPQCD use
non-relativistic heavy quarks (NRQCD). Errors typically arise from:

e Monte Carlo statistics and fitting,
e Lattice spacing tuning, a and quark masses,

e Matching lattice gauge theory to continuum QCD, which can alse be broken down into
relativistic errors, discretization errors and perturbation theory,

e Extrapolation to continuum, and

e Chiral extrapolation to physical up and down quark masses.

The matching and chiral extrapolation errors are dominant. Generic lattice quark actions will
have discretization errors and are proportional to (amg)”. Here the heavy quark discretization
errors in principle can be eliminated order by order by using knowledge of heavy quark and
nonrelativistic quark limits of QCD. In practice this is difficult at higher orders and therefore
errors due to inexact matching must be estimated. Fermilab combine all errors associated with
the discretizing action and estimate errors using knowledge of short-distance coefficients and
power counting. HPQCD quote relativistic errors when moving from QCD to NRQCD and
perturbation theory errors for NRQCD to Lattice Gauge theory, with the errors estimation
relying on power counting. Fermilab derives a lattice gauge theory from continuum QCD using
HQET while HPQCD uses non-relativistic QCD.

The last step of chiral extrapolation is necessary to recover the physical values of the up and
down quark mass and is performed using staggered chiral perturbation theory. This method
takes into account the next-to-leading order light quark mass dependence and light quark dis-
cretization effects through to order agaQAéCD.

The lattice results are shown in Fig. 5.46(top). The total systematic uncertainties are 11%
for the form factors in both calculations. The largest quoted error comes from the perturbative
matching between the lattice and continuum theory for the HPQCD result, and from the dis-
cretization effect for the Fermilab/MILC result. Two unquenched results agree with each other
within errors. These are also consistent with previous quenched calculations [176-179].

By integrating fy(q?) over 16GeV? < ¢* < @2, using the partial branching fraction as
provided by HFAG, the CKM matrix element is obtained as

|Vub|HPQCD =333+ 0.211_8:22,

Vas|pnar e = 3.55 & 0.20505,

where the first error is experimental and the second is from the lattice form factor calculation.

Improvements can be made on general grounds with higher order matching and improved
action in the case of Fermilab and lighter quark masses and finer lattice spacings and additional
lattice calculations. For B — 7lv, there is a possibility to generate data at additional ¢ points
with the following methods:

e Moving NRQCD to generate lattice data at low ¢? (high pion momentum) while keeping
statistical errors under control [180, 181].
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Figure 5.46: (top) Unquenched B — wlv form factors by Fermilab and HPQCD lattice groups.
(bottom) Light Cone Sum Rule calculation of f, (¢?) (solid line) and fo(q?) (short dashes).
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e Twisted Boundary conditions to generate additional high ¢? data points with pion mo-
menta at non-integer values of 2r/L (L = spatial lattice size) [182,183].

Using the heavy quark symmetry is another way of improvement. Since the CLEO-c exper-
iment can measure form factors for D — 7lv to a few percent accuracy, their results will be a
good approximation for the B — wlv form factors. Then the task for lattice QCD is to provide
dl'(B — wlv)/d(v - k) with the
dl'(D — wlv)/d(v - ky)
same recoil energy v - k; would be a nice quantity to measure on the lattice, since a large part
of the statistical error, the perturbative error and the chiral extrapolation errors are expected
to cancel in this ratio.

In the large recoil momentum region, where the final state meson has large energy in the
rest frame of the decaying B (E > Aqcp) the light-cone QCD sum rule (LCSR) may be used
to calculate the form factors [184-188]. Recall that in lattice calulations ¢*> > 15 GeV? owing to
7 energies necessarily being smaller than the inverse lattice spacing. In Figure 5.46(bottom) the
latest result [188] is shown, it covers the region ¢? < 14 GeVZ2. The form factor at zero recoil has
an irreducible uncertainty of 7%, estimated from the variation of sum rule specific parameters,
the overall uncertainty is 12%, in future this could fall to as low as 10%.

Model independent bounds for the whole ¢? range can be obtained with dispersion rela-
tion, perturbative QCD, and lattice QCD data [189]. Reducing the lattice errors or having
other inputs would significantly improve the results. Recently a more elaborate studies was
performed [190-194]. For example in [191] the method relies on lattice calculations for the high
¢? region, while at ¢ = 0 GeV? a model independent constraint obtained from B — 77 using the
soft-collinear effective theory is imposed, and the shape of ¢? is constrained using QCD disper-
sion relations. The overall uncertainty is dominated by the corresponding errors from the lattice
points used. A future direction of research is to attempt to take into account the additional
error correlation implied by the dispersion relations when lattice input points are included that
are closer together.

The UKQCD collaboration [195] and the SPQcdR collaboration [196] performed studies of
B — plv form factors. Both collaborations use an O(a)-improved Wilson action for the heavy
quark and extrapolate the numerical results of mg ~ m. toward the physical b quark mass.
UKQCD obtained the partially integrated decay rate in the region 12.7 GeV? < ¢ < 18.2 GeV?
as T = (4.97121 D) x 1012571V, 2.

the 1/m¢g dependence of the form factors. The B to D ratio

5.9.3 Measurement of inclusive b — u semileptonic decays

In Y(4S) experiments, a correct measurement of (¢?,mx) is only possible when the accom-
panying B decays are fully reconstructed. This technique, referred to as “full reconstruction
tagging”, allows for isolation of particles from the signal B decay for correct reconstruction of
myx, and also to determine the momentum vector of the signal-side B meson. The latter helps
to improve reconstruction of the missing neutrino, leading to correct reconstruction of ¢? and
better discrimination of B — X v background leaking into the signal phase space. Full re-
construction tagging also allows us to determine the flavor and charge of the signal-side B. It
helps to identify the signal lepton using the correlation between the B flavor and lepton charge,
and also to measure the decay rate separately for neutral and charged B mesons. However, this
method requires a large accumulation of BB data because of the relatively small efficiency in
the full reconstruction of the accompanying B’s (a few times 0.1%). Therefore, the high lumi-
nosity of SuperKEKB provides an unique opportunity to perform this measurement with high
statistics.
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Figure 5.47: Projected distributions of reconstructed my and ¢? with a full reconstruction
analysis using 605 fb~! of data [151].

Belle reported a measurement of |V,;;| using full reconstruction tagging which accessed enough
phase space to allow a simple and robust theoretical treatment, that is in principle solely OPE
based [151]. In a 605 fb~! data sample the signal was extracted in a fit to the mx vs ¢
spectrum, with lepton energy threshold of F; > 1.0 GeV. It is the most precise measurement to
date and resets the starting point for what can be achieved at a super B factory. The projected
distributions of myx and ¢? spectra are shown in Fig 5.47. In the low myx region, one can
see a clear B — X, /v signal. In this data sample, the number of fully reconstructed BT and
BY candidates in the signal region after background subtraction is 6.9 x 10° and 4.8 x 10°,
respectively. This corresponds to a reconstruction efficiency (eg.ec) of about 0.2%.

In the signal region, for example, the observed number of events is 5544 with a fitted back-
ground (B) of 4512, resulting in a signal-to-background ratio (S/B) of 0.23. The efficiency to
detect the B — X, /lv signal once the accompanying B is fully reconstructed (e,_.,) is about
22%.

Based on extrapolation of the present Belle results and realistic assumptions for the improve-
ment in epe. and S/ B, we have estimated the |V,;| precision at a SuperKEKB/Belle experiment.
We consider here the statistical, experimental systematic and theoretical errors, and estimate
them as follows.

Statistical error: The expected statistical error can be obtained assuming that the uncertainty
of the measured branching fraction scales with the signal yield (S) and background (B)
as o(Br)/Br = /S + B/S *. Hence the statistical error on |V,3| (Astar) scales with the
integrated luminosity (L) as

Agtar = , (5.85)

Lo 14 (S/Bx fyp)™t 0.7
2 n()xffrecxeb—WXL_\/z

where ng is the rate of B — X, v decays after full reconstruction, estimated as 1052/(0.22x
605 fb_l) = 8.0/fb=!. The factor ffrec accounts for the improvement in €fpec, for which

4Note that this is conservative since the additional information on the distribution of decays is used in the
measurement. The stat. uncertainty on |Vys| follows from o(|Vus|)/|Vus| = (1/2)o(Br)/Br.
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expect a 50% gain, ffrec = 1.5. The factor fg/p accounts for a possible improvement in
S/B from the results and is assumed to be fsyp =12 (expected to improve by at least
20% with the introduction of more modes and improved detector performance, for example
K9 rejection and better K+ /7% separation). The relative statistical errors are estimated
to be 1.0% and 0.3% with data samples of 5 ab~! and 50 ab™! respectively.

Experimental systematic error: The major source of experimental systematic error (Agyst)
on the Belle measurement is the signal model uncertainty, at 5.6% it is the leading contri-
bution to the systematic error of 7.6% on the branching fraction value. Signal modelling
will improve with better measurements of the charmed semileptonic and inclusive radia-
tive B-meson decays as well as the signal spectra themselves. Realistically we can expect
the model uncertainty to be reduced by half by the time 5 ab~! is accumulated, thus 3%,
contributing less than a 2% error to |Vi;|. The next leading source of uncertainty are
detector related, at 4.8%. Increased luminosity can reduce this value as well, as system-
atic uncertainties heavily rely on calibration samples taken from data, and hence too are
limited by statistics. Our estimation gives Ay ~ 3% in |Vip| for 5 ab~!, and with a
factor 10 increase in integrated luminosity, realistically one can expect a 50% reduction in
the systematic error, therefore Agys ~ 1.5% at 50 ab™ 1.

Theoretical error: With the measurement accessing approximately 90% of the available phase
space the explicit theory error is already reduced to a very low level. A good gauge of the
uncertainty can be gained from the OPE derived expression for the rate, which to leading
order 1/my and a4 is given by

2.5
Gemy

B = Xulv) = Jo5m3

A 9
Vo l? |14+ —5 — =51, 5.86
2 { +2mg ng} ( )

where my, is the b-quark mass and ;2 parameterise matrix elements of local HQET op-
erators that physically represent, respectively, the b-quark’s kinetic energy and magnetic
interaction with the light degrees of freedom within the B-meson. The relative uncertainty
on |V,p| scales with that of the b-quark mass multiplied by a factor g The dominant error
in this case is the uncertainty in the b-quark mass. The b-quark has been measured to
within 55 MeV uncertainty using improved experimental data, where the theoretical and
experimental uncertainties are comparable [197]. The theory error contribution is about
30 MeV. Ignoring experimental uncertainties this translates to a uncertainty of about 2%
on |Vyp|. These may be reduced since theorists have used conservative bounds on unknown
higher order parameters due to lack of experimental input, namely the higher order mo-
ments of inclusive B decay spectra. With increased data, these experimental inputs would
become availiable. The relative theoretical errors are estimated to be 4% and 2% with
data samples of 5 ab™! and 50 ab~! respectively. This predicted outcome is optimistic
and follows without calling into question the current strategy used in assigning theory
errors. Global fits which arrive at the mass, so far, assume simplistic estimation of correla-
tions between the theory predictions which, if changed, have recently been demonstrated
to have a large impact on the result ®. A thorough program for the determination of the
b-quark mass will need to be undertaken at a super B factory, if the modelling and theory
error is to be reduced below 5%. It is not automatic for theory errors to fall over time, in
fact in past periods, they have increased.

5See talk given by C. Schwanda at CKM 2008

174



Adding the above three error sources in quadrature, the overall relative uncertainty are esti-
mated be 5% and 3% with data samples of 5 ab~! and 50 ab~! respectively, and are dominated
by theoretical uncertainties. In conclusion, with a precise determination of the b-quark mass, a
|V, error of less than 5% is achievable at L = 50 ab~!. Figure 5.48 demonstrates the expected

improvement of the |V,;| error as a function of the integrated luminosity L, within an analysis
that applies the loose choice of E, > 1.0 GeV.
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Figure 5.48: Expected improvement of |V,,;| error as a function of L.

5.9.4 Measurement of exclusive b — u semileptonic decays

The measurement of the inclusive B — X, fv decay is insensitive to theoretical ambiguities, but
experimentally challenging because of the large background from B — X v decays. Comple-
mentary to this, the measurement of exclusive decays, such as B — wfr and B — pfv, provides
experimentally cleaner information, but is subject to large theoretical uncertainties in the form
factors. On the experimental side, it is essential to provide precise data for the differential rates,
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dl'/dg?, of each exclusive channel. This is because dI'/dg? varies depending on theory models,
as such data helps to test the models. Precise data in the high ¢? region is especially important,
since lattice-QCD calculations, the most promising tool for a reliable model-independent deter-
mination of |V|, are possible only in the region ¢ > 15 GeV?, as discussed in Section 5.9.2.
A high luminosity SuperKEKB/Belle experiment will enable us to measure the ¢? distributions
with high statistics and less systematic uncertainties than the best measurement to date [198].
Combined with improvements in lattice QCD with unquenched calculations in the future, this
will lead to useful determinations of |V,p|.

One of the key experimental issues in measuring the exclusive B — wfTv/pl*v decays is
the reconstruction of the undetected neutrino in the final state. Information on missing energy
and momentum of the event have been used to infer information about the missing neutrino
(“neutrino reconstruction”). This method, originally developed by CLEO, has been applied in
existing measurements and exploits the known kinematics of the ete™ — T(4S) reaction and
near 47 coverage (“hermeticity’) of the detector. In reality, however, hermeticity of a detector
is never complete. This lack of hermeticity allows background from both BB and cross-feed
(e.g., mlv < plv) to contribute, where the latter is serious especially in the high ¢? region. For
instance, the recent BABAR measurement [198] provides Br(B — w/lv) with a statistical error of
5 (10)% and an experimental systematic error of 6 (8)% for the whole ¢ (¢> > 16 GeV?) region.
The experimental systematic errors are mainly associated with the neutrino reconstruction; 4%
in the whole ¢? region and 5% in the ¢> > 16 GeV? region. The BABAR result has been
obtained with an event sample of ~ 206 fb~!, and we can quickly improve the statistical error
to a few %. However, the systematic error arising mainly from the neutrino reconstruction will
soon limit the experimental uncertainties.

As in the case of the inclusive measurement, which is discussed in the previous section, anal-
yses with full reconstruction tagging improve the situation substantially, and make best use of
the high luminosity at SuperKEKB/Belle. Figure 5.49 compares the missing mass resolution
for (a) full reconstruction tagging (for B — D%*v with 78 fb=1), and (b) classical v recon-
struction (for B — w/*v with 78 fb~!) in the present Belle analyses. An improvement in the
FWHM by almost a factor of 50 is seen for the full reconstruction analysis. We can also consider
semileptonic tagging, where one tags more abundant B — D™ ¢+v decays in the accompanying
B decays. This technique provides about 4 times more statistics by sacrificing purity and ¢?
resolution. Belle has reported an inclusive analysis result using this method [199].

Figure 5.50 shows the expected improvement of the experimental error in |V,;| as a function
of the integrated luminosity L, for the whole ¢? and the high ¢? regions. Here, the errors
are estimated by extrapolating the present Belle analysis using semileptonic tagging, and are
compared with the classical neutrino reconstruction. One can see that the classical neutrino
reconstruction will soon hit the systematic limit. At a few times 100 fb~!, the tagged-B analysis
will provide more precise results. The experimental precisions in |V,;| expected at 5 ab™! and 50
ab~! are 2.3% and 1.9%, respectively, for the whole ¢? region, and 2.9% and 2.1%, respectively,
for the ¢ > 16 GeV? region.

Theoretical uncertainties are dominated by lattice QCD, which currently stands at 12% but
is anticipated to go as low as 5%. To date, and for the forseeable future, the uncertainty from the
lattice will set the lower bound on the uncertainty on |V,;|. Nonetheless exclusive measurements,
though not as precise as their inclusive counterparts, are very important. Although not yet
significant the values of |V,;| as calculated from inclusive measurements are systematically higher
than those from exclusive processes (see for example Ref. [22] for a recent survey of results).
Whether this discrepancy will persist is an open question and can only be resolved with precise
measurements, those which are only attainable from a SuperB factory.
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Figure 5.49: Missing mass resolution in (left) a full reconstruction analysis and (right) a classical
neutrino reconstruction analysis.
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Figure 5.50: Expected improvement of the experimental error in |V| (solid lines) as a function
of the integrated luminosity L, (left) for the whole ¢? and (right) the high ¢? regions.
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5.10 Tau decays

5.10.1 Introduction

Lepton flavor violation (LFV) in 7 decays is one of the most important physics target in the
Super KEKB project. Here we give a brief review of various theoretical predictions available in
recent years, and the experimental achievements and prospects at the Super KEKB experiment.

Lepton flavour conservation in the Standard Model (SM) is associated with neutrinos being
massless. Observations of neutrino oscillations imply a nonzero mass and hence the mixing of
lepton flavours, which is violating the lepton flavor conservation. With finite but tiny masses
compared to the weak scale (mw ~ 80.4 GeV), charged lepton flavour violating processes are
however strongly suppressed and beyond experimental reach, since

A2 )
512 <1077 ~ 1077, (5.87)
myy

3 .
B(r —lv) = 32—7r| ZUTZ'UM

where U is the PMNS neutrino mixing matrix and Afj is difference of neutrino mass squares,
AF; = my, —mg, [200].

The situation is quite different if there are new particles which have masses of the order of
the weak scale and couples to leptons. In fact, many extensions of SM, such as supersymmetry
(SUSY), little Higgs models and extra dimensions predict enhanced LFV decays. Some of recent
theoretical predictions relevant for the LFV 7 decays are summarized in Table 5.19. For the
LFV 7 decays, the branching fractions can be as high as in the experimentally obtainable range

1079 ~ 10~7 and the upper bound is in fact limited by recent B-Factory experiments results.

model Ref.

SUSY + Seesaw [207], [208], [209], [201], [202]
SUSY + GUTs 203], [204], [205], [206], [210]
SUSY (Higgs mediated) 211], [212], [213], [214], [215], [216], [217]
Unconstrained MSSM [218]

SUSY+R-parity violating [219], [220]

Little Higgs [221], [222]

Non-universal Z’ [223]

Extra-dimension [224], [225], [226]

Left-Right Symmetric model | [227]

vi at O(10TeV) 228], [229]

Others [230]

Table 5.19: A compilation of the theoretical predictions of the LEV 7 decays.

The current limit on the p — ey is set at B(ut — ety) < 1.2 x 1071 (90% C.L.) by
the MEGA experiment at the Los Alamos Meson Physics Facility [231]. The MEG experiment
at PSI is now starting the physics run with a sensitivity with 10713 [232]. For the u — e
conversion experiments, two experiments at sensitivity of 10716 are proposed at J-PARK [233]
and FNAL [234]. And ambiguous future project at a sensitivity of 107" is designed at J-
PARK [235].

There are exciting projects on the LFV searches on the muon sector [236]. However, even
if uT — et is discovered at some levels, it will not provide sufficient information to determine
the underlying LFV mechanism or even identify the correct underlying theory. In addition we
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do not know which LFV decay mode will first be discovered. For example, even in the presence
of the bound of y — ey at O(107'1) the rate of 7 — uy can be as high as O(1077) in the
MSSM model. This is because different off-diagonal elements of the slepton mass matrix (m; );;
contribute to u~ — e”, and 77 — p~y, 77 — e~ . These elements (mj );; are unique source
of the LFV in the MSSM model and are free parameters of model as described below.

Radiative LFV 7 decays

In SUSY models, LFV 7 decays can receive significant contributions from diagrams containing
SUSY particles in the loops, via slepton mixing. In this case, the largest branching fraction is
expected in the radiative 7 decays such as 7= — py and 77 — ey.

The branching fraction for 7 — u(e)~y for large tan 3 region can be parametrized using three
parameters

120 1 tan’3 (1  tan?#@ 2
B(tT e = 03:|? — + il
(= wle), R L - (30 24 >

4 2
(1.5 x 102)[63]? <100Gev> <tanﬁ> : (5.88)

msusy 60

12

where mgugy is a typical SUSY particle mass (msusy = mo = my /2) and tan 3 is the ratio
of the vacuum expectation values of the neutral Higgs bosons. d3; is the slepton mass matrix

divided by m%U Sy ,
Sa; — ((mL)3l>
3 — m2 ’
SUSY

where ¢ = 2 for 7= — py and ¢ = 1 for 7= — e7. Since the off-diagonal components of the
slepton mass matrix are not determined within the SUSY frame, one needs to specify models
such as SUSY+seesaw and SUSY+GUTS in order to predict the value of d3;.

Figure 5.51, for example, shows the prediction of B(t — u7) as a function of mgysy = M, /2
at fixed tan 3. The plots are obtained by scanning the LHC accessible SUSY-GUT(SO(10))
parameter space [210]. In the same scenario, the expected correlation between B(r7 — pvy) and
B(u — e7) is shown in Fig. 5.52. In some of the parameter space, B(T — p7y) can be as high as
~ 107% even though B(i — ey) is only at the 107'3 level.

In the MSSM see-saw and/or GUT scenario the d;; = (mj );;/msusy terms are related with
the physics parameters at very high (GUT) scales, such as the right-handed neutrino masses Mg ;
and their mixings, which are unknown. In other words, if supersymmetry particles are discovered
at the LHC, the charged lepton flavor violation can become a powerful tool to explore the physics
at very high (GUT) energy scale.

Higgs mediated LFV processes

The radiative LFV decay rate (Eq.(5.88)) exhibiting a mgiqy dependence becomes small when
a typical SUSY mass is larger than ~ 1 TeV. In that case the modes mediated by the Higgs
boson exchange, such as decays to 3 leptons (7~ — 3() or lepton plus scalar /vector (7 — ¢n, {1/,
2£p(980)) become relatively important. The predictions for branching fractions of various LFV
processes mediated by the Higgs bosons are shown in Fig. 5.53 as a function of Higgs mass.
Note that the radiative LF'V decays also occur from the Higgs mediated diagrams. Recently
calculations taking into account the full diagrams were carried out by M. Herrero el al. in
the SUSY-seesaw scenario without mass-insertion approximation [216]. One of the results for

179



T — py at tan § = 10 T — py at tan § = 40

10 T 100 T
PMNS-case A PMNS-case
CKM-case  * CKMicase
1 x Now-] 10
—
R
& 2 SuperB
01 - s SuperB | 1
. e .
ER it SuperF | SR
B E o _
= e =
< 0001 |- e < o001
T - i , T
S X % i S
% 1e-04 b : & 0.001
= 57 =
9 2 Q
1e-05 |- le-04
1e-06 |- IR 1 1e-05
1e-07 - - - - - - 1e-06
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
My (GeV) My, (GeV)

Figure 5.51: Scatter plot of B(T — p7y) vs. Mj,. The plots are obtained by scanning the LHC
accessible SUSY-GUT(SO(10)) parameter space at fixed tan 5. Green and red points indicate
two different assumptions for the neutrino Yukawa coupling (Y,) [210].
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Figure 5.52: Correlation between p — ey and 7 — py in SUSY-GUTSs scenario. The plots are
done by scanning the LHC accessible parameter space at fixed tan 5. Lines denote the present
bounds and future sensitivities [210].
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T — pun and T — pfo(980) is given in Fig. 5.54, where the dependence on the right-handed
neutrino masses at very high energy (GUT scale) are given. Larger LFV rates are expected for
higher mass of right-handed neutrino, my, = O(104)GeV.

- uX)(a™'/110°)? (tgp/50)°

Br(x —

200 300 400 500 600 700 800 SO0 1000

200 300 400 500 600 700 @O0 9S00 1900

m
H my

Figure 5.53: Branching fractions of various 7 — pX and 7 — eX LFV processes vs. the Higgs
boson mass my in the decoupling limit mgygy > my for X = ~, uu,ee,n [215].
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Figure 5.54: Branching fraction of 7 — un and 7 — ufp(980) as a function of the relevant Higgs
masses in the SUSY-seesaw models. The horizontal dashed line in each plot is the present upper
bound [217].

Based on the full-diagram calculation, they aprovide approximate formula for B(t~ — pu™n)
and B(t~ — u~ fo(980)) [202];

6 4
t 100GeV
B = g = 125 107 x i () (F2E) (s

60 ma

6 4
¢ 1
B(r~ — 1™ £5(980)) Happrox = (0.42 — 7.3) x 1078 x [35o? ( aggﬂ ) X (%) . (5.90)
H

where m 4 and m% are the pseudo-scalar and scalar Higgs masses, respectively.

181



Model dependence

In general, full set of measurements of 1 and 7 LF'V processes is required to identify the underly-
ing physics because in many models there are strong correlations between the expected rates of
various channels. For example, the ratios of various branching fractions in the little Higgs model
with T-parity and MSSM without and with significant Higgs contributions, shown in Table 5.20,
indicate clear difference between the underlying physics scenario. Searches for various LFV 7
decays will be crucial to discriminate the possible underlying models.

ratio LHT MSSM(y) | MSSM (Higgs)
Bo—ccc) o4 23| ~1:1072 | ~1.1072
B(r~—p~ptp™) ~9.10-3
B e, 04 .23 210 0.06...0.1
% 03..1.6 | ~2-107% | 0.02..0.04
B(r——p~ete”) ~1.10-2 o 1.10-2
Bty | 03 16 1-10 1-10

By | 13 LT ~5 0.3..0.5
Bo—h i) 112016 | ~02 5..10
Bl —ecte]) | 04..23| ~6-1073| ~6.1073

Blp— Titoe Ti) | 190-2 102 | ~5.10"3 | 0.08..0.15
B(p~—e~7)

Table 5.20: Comparison of various ratios of branching fractions in the little Higgs model with
T-parity (LHT) and in the MSSM without and with significant Higgs contributions [221].

5.10.2 Status of B-factory experiments

B-factory experiments (Belle and Babar) have been collecting data at the T (4S) resonance since
1999. Babar has accumulated 575 fb~! data and stopped data taking in 2008, while Belle has
accumulated more than 1000 fb~! data until winter 2010. With more than 1.5ab~! of data
currently being collected by the two experiments, and the ete™ — 777~ cross section of 0.919
nb, the total sample of 7 pairs at the eTe™ colliders now exceeds 10? 7, which allows for probing
the LFV processes at O(1078) — O(1077) levels.

The general approach of the LFV 7 decays searches is based on common procedures of se-
lection of the charged and neutral final state particles, removing non-7 events and keeping the
signal efficiency as high as possible. This is accomplished by dividing the candidate event into
hemispheres in the center of mass frame (Fig 5.58(a)). Each hemisphere is then considered as a
possible candidate for the LF'V decay under consideration. The experimental signature is

{7~ — LFV decay, e.g. £7v,0~h"...} + {77 — (track)™ + (n$AG > 0) + missing},

or a charge conjugate of the above. To search for exclusive decay modes, we select low-
multiplicity (2 or 4 charged tracks) events with zero net charge, and separate the signal side
and tag side into two hemispheres using the thrust axis. While these requirements remove BB
and continuum events, a significant amount of Bhabha, muon-pair and two-photon processes
remains. Generic 77 events cannot be exclusively reconstructed since 7 decays include neutri-
nos. Therefore the background contamination from generic 77 events cannot be totally avoided.
Unlike the SM 7 decays which have at least one neutrino, the LFV decay products have no
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Figure 5.55: AFE vs. Mj,, distribution for 7= — pu~~ decay.

undetectable particles, and one can apply tight conditions on the energy Fx and invariant mass
mx of the decay products. Ex is approximately equal to the beam energy in the center of mass
frame and the decay products invariant mass mx is equal to that of 7. A two-dimensional signal
region in the mx and AF = Epeam — Fx plane is thus used to separate possible signal from the
SM 7 decay backgrounds. In order to optimize the signal sensitivity an elliptic shape is used
for the signal area as shown in Fig. 5.55. The signal regions are determined by scanning ellipse
parameters to minimize the ellipse area and to obtain the highest sensitivity.

Selection criteria are optimized using Monte Carlo simulation of the signal and backgrounds
to give the best discovery potential of the signal. For reduction of the background events, we
introduce kinematic constraints. For example, we apply a requirement on the relation between
the missing momentum (ppiss) and the missing mass-squared (m?2 . .) for various 7 LF'V analyses.
This cut reduces the background events quite effectively; 98% of generic 7 pairs and 80-90% of
radiative Bhabha, muon-pair and continuum events are removed, while 76% of the signal events
is retained for the 7= — pu~ 7 analysis (see Figure 5.56).

Typical values of signal efficiency are between 3% to 10%, depending on the mode under
study. The efficiency components of the generic LF'V decays selection are roughly as follows:
trigger (90% ), acceptance/reconstruction (70% ), charged-particle topology selection (70% ),
particle identification (50 % ), additional background reduction (50 % ), AFE vesus my signal
region requirement (50 % ).

The evaluation of the upper limit is based on the prescription of Feldman-Cousins and its
extensions to include systematic errors.

5.10.3 Results on the LFV 7 Decays from B-factory Experiments

Experimentally, LFV 7 decays can be classified as, 1) radiative decays (r — ¢v) , 2) three
leptons (7 — 3£), 3) lepton plus pseudo-scalar (1 — ¢P°), 4) lepton plus vector (1 — IV?), 5)
lepton plus two hadrons and 6) lepton plus three hadrons. Since the background situation is
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Figure 5.57: (a) My, — AE distribution for 7= — p~v decays with 535 fb~! of data. Dots are
the data, and shaded boxes indicate the signal MC. The dashed ellipse shows the 3o blinded
region and the dot-dashed ellipse is the 20 signal region. Dashed lines indicate the +20 band
of the shorter ellipse axis. The solid line indicates a dense background region. (b) AFE data
distribution in the +20 Mi,, — AFE region. Points with error bars are data, and the shaded
histogram is the signal MC assuming a branching ratio of 5 x 10~7. The solid curve shows the

best fit.

different for the case 1) and others, we show them separately.

BaBar Belle

B(x107%)  Lum.(fb~1) | B(x107%)  Lum.(fb™ 1)
T — p+ 4.4 [237] 470 4.5 [238] 535
T—e+y 3.3 237 470 12 [238] 535
T—0+0+¢" | 1.83.3[239] 468 1.5-2.7 [240] 782
7 — £+ PO 11-16 [241] 339 7-12 [242) 401
T — ple+ KO | 4.0/3.3 [243] 469 2.3/2.6 [244] 671
T— 0+ V0 2-18 [245] 451 5.9-13 [246] 543
T— pufe+w 10/11 [247] 384 8.0/18 [246] 543
T — L£3(980) — — 3.2-3.4 [248] 671
T—{+h +h' | 7.0-48 [249] 221 3.3-16 [250] 671
7 — pfe+ KOK? — — 7.1/8.0 [244] 671
T—h+A/A 5.8-15 [251] 237 7.2-14 [252] 154

Table 5.21: Current upper limits for 7 LFV decays with the amount of analyzed data at BaBar

and Belle. The meaning of symbols: ¢=e or u, P’ =

n,n, or 1%, h = m or K and V° =

oV, K*, K*O, or ¢. For 7 — £f,(980), the upper limits are given for the product B(r — £f;(980)) x

B(fo — mm).
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T — £y decays

The 7= — ¢~ modes suffer from background as seen in Fig. 5.57. The dominant background re-
maining after the event selection originates from 777~ events with initial state radiation, 77777,
where one of 7’s decays semi-leptonically and the lepton and the radiated photon compose sig-
nal candidates. Multi-photon radiative muon-pairs (and Bhabha events) are the second largest
background; one of leptons and a radiated photon form a signal candidate, and the other lepton
satisfies the selection for the tag side. These backgrounds cannot be discriminated from the true
signal. The background distribution is intensively studied using actual data and MC simulation.
A thorough understanding of the origin and properties of the background was obtained. The
number of signal events in the final sample were obtained by performing an unbinned extended
maximum likelihood fit. The fit results are shown in Fig. 5.57 (b).

() 7= pn(—>m"nm)

(0) 7= (=) 3
o
<

AE (GeV
(Qe)
N

-0.2
—0.4F
—0.6 k. L. o ) L. L. .
1.6 1.7 1.8 1.
M, (Gev/e) 17 175 VS (Gev/c?)

Figure 5.58: Scatter plots of data in the Mj,, — AE plane corresponding to the £10c area for
(a) 7~ — pun(n — vy), and (b) 7= — pn(n — wta~70) decays, respectively. The data
are indicated by filled circles. Filled boxes show the MC signal distribution with arbitrary
normalization. The elliptical signal region shown by the solid curve is used for evaluating the
signal yield. The region between the dotted horizontal lines excluding the signal region is used
to estimate the expected background in the signal region.

7 — 3¢ and 7 — { + PY decays

For the modes with three leptons or one lepton plus hadrons, the backgrounds are negligible
at the current available luminosity. For 7= — £~ PY(P° = 0,7, 70, £(980)) and 7= — £ ¢+¢~
modes, no signal candidates were found in the signal regions (see Fig. 5.58 and Fig. 5.59). We
evaluated the expected backgrounds in the signal region from the sidebands and extracted the
number of signal candidates.

The current results from the B-factory experiments for various LFV 7 decays are summarized
in Table 5.21 and are shown in Fig. 5.60. We have studied 51 decay modes in total. In all modes,
the sensitivity to 7 LF'V decays are improved by two orders of magnitude from the previous
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Figure 5.59: Scatter plots in the My — AFE plane: (a)-(f) correspond to the +200 area for the
T —eete, uputuT, e putuT, pmete , etu pu and uT — e~ e modes, respectively. The
data are indicated by solid circles. Filled boxes show the MC signal distribution with arbitrary
normalization. The elliptical signal regions shown by the solid curves are used for evaluating the
signal yield. The region between the horizontal solid lines excluding the signal region is used to

estimate the background expected in the signal region.
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Figure 5.60: Upper limits on the LFV decays of the 7 lepton.

CLEO experiment. Upper limits for branching fractions are at the 1078 level and the searches
are approaching regions sensitive to new physics.

In all modes, the sensitivity of tau LFV decays are improved by 2 order of magnitude from
the previous CLEO experiment. Upper limits for branching fractions go down to the 10~% level
and the searches are approaching regions sensitive to the new physics.

5.10.4 Sensitivity to New Physics Model

The B-factory results significantly constrain the parameter space of NP models. As an example,
Fig. 5.61 shows the excluded region in the my — tan 3 plane. The excluded region, however,
depends on d32 which is related to the physics at the very high energy (GUT) scale. If the value
of §30 > 1, wide region at large 70 has already been excluded, while if §32 < 0.1 most of the
shown tan 8 —mgo plane is still. If SUSY particles and Higgs bosons are discovered by the LHC
experiments, LFV decays can be used to restrict the parameter ds3s.

5.10.5 Prospects for SuperKEKB

With 50 ab™! of data accummulated at SuperKEKB the sample of 7-pair events available for
the measurements would increase to 5 x 101°.

Figure 5.62 shows the history of the search for LFV 7 decays and projected upper limits
for SuperKEKB as a function of the luminosity for 7= — p~7, p~n and p~pu*p~ decays. The
expected sensitivities are obtained with an unbinned extended maximum likelihood method
assuming the current background conditions. For 77 — £~ modes, the background level is not
negligible and the upper limit is proportional to 1/v/N;,, For the 7= — ¢~h" and 7 — £~ £+¢~
modes, the background is negligible and the upper limit is proportional to 1/N,, up to several
ab~!, and then gradually changes to 1/v/N,, dependence as background candidates appear.
Therefore, if the current signal-to-background condition is still maintained, the ultimate goal at
50 ab~—! could be a branching fraction sensitivity of 1 x107?.
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Figure 5.61: Excluded region in the (mpo,tan3) plane from the Belle upper limit B(r —
pfo) < 3.4 x 1078, The excluded area are those above the contour lines corresponding to fixed
d32| = 0.1.0.5,1.5,10 [217].
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Figure 5.62: History and anticipated upper limits on branching fractions for 7= — p=, u™n
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Can we further improve the sensitivity?

Experimental sensitivity is in general determined by three key elements: statistics, resolu-
tions, and a signal-to-background ratio; the achieved sensitivity depends on how well the system-
atic uncertainty of these aspects is controlled. We discuss here how to improve the sensitivities
for LE'V 7 decays based on the experience from the 7= — £~ analysis at Belle.

Besides accumulating higher luminosity, it is important to improve the detection efficiency
including trigger performance. However, at SuperKEKB, the selection criteria will become
tighter and efficiencies will be lower than those at the present B factories.

Resolution Improvements of momentum and energy resolution for charged tracks and photons
can reduce the size of the signal region in the M., - AE plane, which results in a better signal-
to-background ratio and improved sensitivity. For the 7= — p~~ mode, the energy leakage in
the calorimeter and initial state radiation cause a long low-energy tail. We thus need to use a
wide signal region for a sufficient efficiency (see Figure 5.55). While the effect of initial state
radiation cannot be controlled, the effect of the calorimeter leakage can be improved, for instance
by using longer crystals and by improving the reconstruction method to reduce lateral energy
leakage.

Particle identification Improvements of particle identification are also essential for all the
LFV decay modes. The efficiency of e-id is already at 98% and further improvements are neither
feasible not very helpful. On the other hand, the u-id efficiency is around 90% and the efficiency
increase may reduce the background contamination from events of the type , such as (uy)+not—pu
events in the 7= — p~ 7 search. A KLM counter with finer segmentation in the radial direction
could provide a better muon identification. K/m separation is also important in searches for
LFV 7 decays that include hadrons in the final state. The Time-Of-Propagation counter is a
very good candidate for the improvement.

Signal-to-background A requirement on the missing quantities, pmigs — m?mss, plays an im-
portant role for background suppression as seen in Figure 5.56. These criteria provide much
better sensitivity than what was achieved by the CLEO experiment. We also apply a new se-
lection for 7= — e+, using the opening angle between the tagged track and missing particle
direction; this criterion effectively removes the radiative Bhabha background events. We need
to introduce these kind of selection criteria in all future analyses.

5.10.6 Summary

A search for Lepton Flavour Violation is a well motivated part of the SuperKEKB program.
Experimental observations of the charged lepton LFV decays would represent an unambiguous
evidence of new physics (NP). Even if such processes are not observed, experimental searches
and the resulting upper limits on the branching fractions are a powerful tool for constraining
the parameter space of NP models.

Many models beyond the SM allow for LF'V in 7 decays and a wide range of the parameter
space is allowed at present. Some models predict relatively large branching fractions while others
give extremely small values. Systematic and extensive investigation of various 7 decay modes
can provide a powerful means to select models, restrict their parameter space, and possibly

190



discover new phenomena beyond the Standard Model. Any measured SUSY signal (e.g. at the
LHC) would immediately provide constraints on the LF'V charged fermion decays.
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5.11 B? physics at T(5S)
5.11.1 Overview

The physics potential of the Super KEKB collider can be extended significantly by running at the
energy of the T(10860) resonance, usually denoted as the Y (5S). The advantage is that at this
center-of-mass energy it is possible to produce pairs of BY?/B2 mesons, which are kinematically
forbidden when running at the Y (45) resonance. This would provide an opportunity to study B2
decays in a relatively low background environment as compared to that at a hadron collider. In
order to operate the KEKB accelerator in the T(5S) mass range, the electron and positron beam
energies would need to be increased by 2.7% relative to their energies at the T (4S) resonance;
this increase would result in the same Lorentz boost factor of Gy = 0.425. A technical capacity
to increase the boost would be valuable for B? meson studies, because it could provide an
opportunity for a better BY vertex spatial separation and, possibly, measurement of B/-mixing.

In order to estimate an expected accuracy of BY measurements, the number of BY mesons in a
Y (5S) data sample has to be determined. To calculate the B number in a dataset with known

integrated luminosity Lin, the two parameters should be measured: the total bb production
Y (59)
_ bb

all bb events. Then the number of BY mesons in a dataset can be calculated as: N By =

2 X Ling x o209 fs. By now CLEO [253] and Belle [254] experiments have measured the

bb
02%(58) with the mean PDG value of (0.302 & 0.014) nb and the fs with the mean PDG value of

fs = (19.53:%)%. Using these values the number of B mesons is estimated to be ~ 5.9 x 108
in the dataset of Liyx =5 ab™! taken at the Y(5S).

B2 mesons can be produced in the Y (5S) decays to BYB?, BYB*, B BY or B} B intermediate
decay channels. The excited state decays to the ground state via B — BYv. For some BY studies

with a high background level it is reasonable to select events only from the B}B? channel. In
() g
S S

cross section at the ete™ center-of-mass energy o , and the fraction f; of B events among

this case the fraction f B B of B} B! events over all B events should be also determined.
This fraction was recently measured by Belle [255] to be fp.p. = (90.1135 +0.2)%.

A detailed Monte Carlo simulation shows that, using the full reconstruction technique, B2
signals are well-identified using the variables E% — Ejpeqm and Pg, where Ej and Pg are the
reconstructed energy and momentum of the BY candidate in the eTe™ center-of-mass frame,
and Epeqpn is the beam energy in this frame. Extracting the total yield in the B signal regions
would allow one to measure absolute (rather than relative) branching fractions, which are very
difficult to measure at a hadron machine.

The first evidence for B production at the Y(5S) was found by the CLEO collaboration
[253,256] using a dataset of 0.42fb~! collected in 2003. To test the feasibility of a BY physics
program the Belle collaboration collected at the Y(5S) a dataset of 1.86 fb~! in 2005. After the
successful analysis of these data [254,257], Belle collected a larger sample of 21.7 fb~1 in 2006.
At the end of 2008 the Belle collaboration was taking data at the Y (5S) for about two months
and an additional dataset of about 30 fb~! was collected.

Many B2 decay modes can be observed and studied at an e*e~ Super B Factory. The strange
“partners” of topical B, decays can be reconstructed, such as Cabibbo-favored BY — D ot
and BY — Dy DY decays, color-suppressed B — DYK? and BY — J/¥¢ decays, Cabibbo-
suppressed B! — Dy KT and BY — J/WK" decays, the electroweak penguin decay BY — ¢,
and the b to u transition BY — K7t as well as many other charmless decays [258]. Final
states containing photons, 7 and 7 mesons, which are difficult to separate from background
in a hadron collider environment, would be well-identified at an eTe™ machine. In addition,
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Branching | Super B LHCB
Decay fraction | (5ab™!) | (per year)
Dyt 3.7-1073 34K 80K
J/U¢ 1.2-1073 9K 120K
K—nt 5.0-107% | 05K 5.3K
oy 4.0 -107° 4K 9.3K
pYTpYT | 5.1072 | 25K

Table 5.22: The number of fully-reconstructed B mesons expected from Y(5S) decays with
Lint = 5 ab™!, and by the LHCB experiment per year of running.

Y (5S) decays are well-suited for studying large multiplicity B decays due to the lower particle
momenta, the almost 100% trigger efficiency, and the excellent 7/K discrimination. Inclusive
B branching fractions can also be measured, in particular the inclusive leptonic and inclusive
fast photon branching fractions. Theoretical predictions for inclusive channels are usually more
reliable and, therefore, well suited for comparison with experimental measurements. Partial-
reconstruction techniques can also be used, for example, to measure the exclusive BY — D}~ v
and B — KTI~v decays. The numbers of BY decays reconstructed in several topical decay
modes are listed in Table 5.22, along with the corresponding numbers of events (when available)
for the LHCB [259,260] hadron collider experiment. The event yields listed correspond to one
year of running; the corresponding luminosity at the Super B Factory would be 5 ab™!.

The time-integrated C' P asymmetry A = (NES* 5 N B f) / (NEH ;T N B f) would allow

one to measure direct C'P violation in BY decays. A good candidate for this measurement is
BY — K~7t: assuming a branching fraction of 5x107% and an asymmetry of ~ 40% [261], one
would observe a ~ 50 effect with 5 ab=! of data. The penguin diagram causing the direct CP-
violation is very sensitive to nonstandard contributions, and measuring a direct C'P asymmetry
could probe physics beyond the Standard Model.

5.11.2 Measurement of BY — v

Many theoretical papers have been devoted to the BY — ~v decay. This decay is generally
expected to be a good candidate to test the Standard Model (SM). First estimates for the decay
branching fraction of the order of 10~7 were obtained within first order QCD calculations [262].
Later, more detailed calculations demonstrated that the next order QCD corrections increase
the branching fraction up to a value of ~ 0.5 x 1075 [263,264] or even ~ (1.0 — 1.2) x 1075
[265]. The contributions from long-distance effects, where the two photon final state is produced
through intermediate states, in particular BY — ¢y — v [266], B — W¢ — v [265], or

BY — Dg*)+D§*)_ — 77 [267], have also been considered. Generally the relative contributions
of these processes have been found to be small, leading to positive or negative corrections of
20% or less. We can conclude that the branching fraction estimates obtained within the SM and
calculated using different theoretical approaches are mostly located in the range B(BY — ~v7) =
(0.4 —1.0) x 1075, Using the 23.6 fb~! dataset collected at the Y(5S), the Belle experiment has
obtained the world best upper limit B(BY — vv) < 8.7 x 1075 [268]. This limit is an order of
magnitude larger than the SM prediction.

Within the SM framework the dominant contribution to the BY — ~~ decay is described by a
penguin annihilation diagram. Beyond the Standard Model (BSM) physics can also contribute
to the loop of the penguin diagram [269-272]. Potentially such BSM contributions should
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affect the B — Xv, B — X~vv and B! — ~vv decays in a similar manner. The inclusive
B — X~ decay branching fraction is well measured experimentally and can, therefore, provide
a strong constraint on many BSM models [269]. However, some BSM contributions can strongly
affect the BY — 7~ decay branching fraction, but their contribution to the B — X+ decay
is small relatively to the SM contributions. For such models the BY — ~v branching fraction
measurement could provide the best constraint. In particular, assuming a reasonable agreement
within the errors between the experimental measurements and theoretical predictions for the
B — X~ branching fraction, the B? — v branching fraction can be enhanced up to ~ 2 x 1076
within the two Higgs doublet model with charged Higgs [270], up to ~ 3 x 10~% assuming specific
four quark generation matrix elements [271], and even up to ~ 5 x 1076 within R-parity violation
SUSY models with neutralino exchange [272].

It has to be mentioned that the BY — ~v decay final state can be in the C'P-odd or C' P-even
eigenstate. The measurement of the C'P-odd and C'P-even production ratio could allow us to
study CP violating effects. Because this ratio can be predicted with confidence within different
BSM models, the comparison of these theoretical predictions with experiment could provide an
important test of these BSM models. Unfortunately, the experimental separation of these C'P
eigenstates, using data collected at the T(5S) resonance, requires a huge statistics, which cannot
be collected with the luminosity expected at proposed Super B Factories.

With standard selection cuts the reconstruction efficiency for the B? — ~v decay is expected
to be ~20%, assuming that photons are reconstructed only in the central region of the Belle
electromagnetic calorimeter, 33° < 6, < 128°, where 6, is the polar angle in the laboratory
system. We expect that a Super Belle detector configuration will allow us to increase the angular
interval. Potentially the efficiency can be increased to ~30%, if the backward and forward
electromagnetic calorimeter regions will be at least partially included in a photon reconstruction
procedure. The acceptance will depend on the chosen detector configuration. Unfortunately
the amount of material, which the photon traverses before reaching the calorimeter, increases
rather rapidly with increasing angle 6, leading to the energy resolution degradation. The final
reconstruction efficiency of the B — v decay is expected to be (10-15)%, after the application
of strong background suppression requirements.

Finally we can estimate the yield of about 30-70 events for the B? — v mode in a Y(59)
data sample of 5 ab™! in the Y(5S)— B}B? channel. Dominant backgrounds are due to event
remnants from neighboring bunch-crossings; these backgrounds should have specific behaviors.
Significant suppression of this background can be achieved in the current Belle detector using
bunch-crossing timing information. This information will be even more critical in a future Super
Belle analysis of the B — ~7 decay. Additional background suppression can be provided by
applying cuts on the full event energy or using topological cuts. As obtained from the 1.86 fb~!
dataset collected at the T(5S) engineering runs, the signal to background ratio of about 1:2 can
be achieved using strong background suppression requirements. This implies that 5 ab™! of data
collected at the Y (5S) resonance should be enough to observe the B — ~~ signal of ~ (3 —5)o
assuming the SM branching fraction.

5.11.3 Test of SM: AI';/T'y and weak phase [

In the Standard Model the normalized width difference AT, /T4 is expected to be about (10-12)%
[273-283], and negligibly small C'P violation in B? mixing is predicted. The latter results from
the fact that the C'P violating phase 35 = arg(Vys) of the Cabibbo-Kobayashi-Maskawa matrix
element Vj, is small (< 0.03), and the BY mass eigenstates coincide with the C'P eigenstates.
Although CP violation in B? mixing is small within the SM framework, this conclusion does
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not hold if BSM physics contributions are large. Similar to the SM mixing described by box
diagrams, BSM physics can also contribute in box diagrams, resulting in a sizable C P violation.
Therefore the observation of sizable C'P violation in the BY mixing would be an evidence of
BSM physics.

To measure B? mixing, and C'P violation in mixing, at e*e~ B factories using conventional
time-dependent technique, the two B vertexes should be reconstructed with an accuracy of
about ~10 pm. The time difference of these BY decays can then be obtained using the same
technique as is obtained for B® mesons at the Y (4S). Unfortunately the current detector upgrade
plans do not assume ~10 pum resolution to be reached for considered vertex detectors. Potentially
the sufficient vertex separation can be obtained by increasing beam energy asymmetry (Y (5S)
boost), however this option is technically limited. Alternatively, the C'P violation in the BY
decays can be exposed in a manner similar to the C'P violation studies in K° decays, exploiting
a lifetime difference between the C'P-odd and C'P-even B states. The current theoretical
prediction of Al'y/I's &~ 12% provides an opportunity to separate statistically the long-lived and
short-lived BY components.

Generally three methods can be proposed to search for the C'P violation in the B decays
at a super B Factory.

1. Comparison of direct and indirect Al';/T"y measurements.

The relation of the BY lifetime difference between the short-lived and long-lived components,
AT, and the difference between the C'P-even and C'P-odd decay rates, AFSCP , has been dis-
cussed in several theoretical papers [284-287]. These values are expected to be equal within the
SM framework:

AT, = AT = T(B&ve™) — I'(Bo%) (5.91)

Potentially, Beyond Standard Model physics processes could provide a large phase, con-
tributing to B mixing and resulting in a reduction of AT'y/T's [285,286]:

AT,  ATYF
ry Ty

where ¢ = arg(—Mi2/T12) and Mis and I'15 are the B mass matrix and decay matrix elements,
respectively®. As is mentioned above, within the SM the phase ¢ is close to zero, and a direct
ATy /T’ measurement should coincide with AT'SF /T, Therefore, SM can be tested by comparing
the AT',/T; value obtained from a direct BY lifetime measurement and AT$? /Ty, which can
be determined from the difference between summed CP-even and C'P-odd B decay branching
fractions.

The B? — Dg*HDg*)_ decays are expected to dominate among C P-eigenstate decays, be-
cause of large branching fractions, of the order of (1 — 2)% for each mode. Moreover, within

the heavy quark limit, the BY — Dg*)+D§*)_ decays are expected to be predominantly C P-even

states [286]. Other BY decays with fixed CP, such as J/¥n and Ji¢ modes, have much smaller
branching fractions of the order of 1073 or less, and would lead to a few percent correction in
AT, calculations.

Following this approach, an approximate equality was obtained in ref. [286]:

cos ¢ (5.92)

SNote the similarity of the above equation with Eq. 5.113 used in D° decays to C'P eigenstates, ycp = y cos ¢,
valid when |¢/p| = 1 and discussed in Sect. 5.12.5. A difference on the side of equation at which the cos ¢ appears
is due to the fact that in the equation discussed at this place Al'cp represents the difference of decay widths of
the C' P-even and C'P-odd component of Bs mesons, while in Eq. 5.113 the ycp involves the difference of effective
lifetimes as measured in decays to flavour specific and C'P eigenstates.
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2B(BY — DX+ DW=y~ ATCP T, (5.93)

Equation 5.93 was obtained under two assumptions: a) that B — D!*D; and B? —
D** D*¥ decays are predominantly C' P-even states (expected in the heavy quark limit) and b)
that ATS? is saturated by the B? — DT~ decays (expected in the Shifman-Voloshin
limit [288]). The last assumption means that the contribution of multi-body CP-eigenstate
decay modes, like B — D} D770 to I'(B°") (or maybe to I'(B%%)) is small compared to

the dominant contribution of two-body Bg — Dg*HDg*)_ decays. These two assumptions are
expected to be correct within 10% [286] and can be potentially tested by studies of relevant
exclusive BY decays.

The lifetime difference AT's/T's can be obtained from a lifetime distribution for events with

one fully reconstructed BY with fixed CP (the best candidates are BY — DYDY and
BY — J/Wn decays). Within the SM, the CP eigenstates coincide with the mass eigenstates.
Hence the reconstructed C'P-even B meson will decay following the exponential distribution
e Tshori! whereas to the decay of the second BY only the C'P-odd component will contribute 7
and will decay according to e Ttenst. In practice at the Y(5S) one measures the time difference
At = t(B9") _ (BY). The corresponding At distribution would have an asymmetric shape,
depending on the sign of At; if the signal B? meson is reconstructed in the C'P-even final state
it would be proportional to e TshortAt for At > 0 and to etTions® for At < 0. A fit to this
distribution yields both I'g},4,+ and I'joy,g. The vertex smearing effects, due to detector resolution
and event kinematics, should be corrected using MC simulation and have a moderate impact on
accuracy of Al's measurement. The fixed CP B lifetime measurement can be complemented
by a non-C'P eigenstate BY meson lifetime measurement to improve the accuracy.

MC simulation demonstrates, that the accuracy in the direct AT's /T’y measurement of ~ 1.2%
(for a central value of 12.0%) can be obtained with a ~ 5ab~! dataset at the Y(5S), where the
B? — J/V¢ mode beside others mentioned above was also included in analysis 8. The statistical
accuracy of the indirect ATS? /T’y measurement is expected to be much better, but will be limited
to ~ 5% by model-dependent systematics.

2. Test of the shape of lifetime distribution for events with fully reconstructed B? mesons
with fixed C'P.

The CP violation effects of any BSM origin will mix long-lived and short-lived BY states for
a fixed C'P eigenstate. The study of lifetime distribution for these eigenstates will be important
test of C'P violation in the BY decays. The lifetime distribution should be fitted by the sum
of two exponentials. CP violation would be established if both components are observed in a
fixed C'P eigenstate B? data sample. A two exponential fixed lifetime fit to a single exponential
MC data sample distribution demonstrates that a (3-4) o effect can be observed with a ~ 5ab™~1
dataset at the T(5S) in the case of a 30% admixture of the long-lived component. Additional
systematic uncertainties are expected to be at the level of statistical uncertainty.

3. The correlated production of two same C'P sign B mesons in the Y (5S) decay.

Two same C'P sign B} mesons cannot be produced in the Y(5S) decay. The C'P value of the
B? and a daughter B? are fully correlated. C'P violation in the BY system is negligibly small
in the SM framework. Therefore an observation of such Y(5S) decay would clearly indicate the
CP violation in the B? system and, consequently, some BSM contribution.

"Note that while the Y(55) has CP = 1, the two B mesons have opposite CP due to the relative orbital
angular momentum L = 1.

8In the J/¥¢ final state the angular distribution must be examined to separate the contributions of C'P-even
and C'P-odd component.
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In the T (5S) — B!B? decay, one B should be fully reconstructed in a C'P final state and
the second B decay can be partially reconstructed. Technically, we can fully reconstruct one
B2 meson in the B! — DT DY or BY — J/Un modes. The other BY can be partially
reconstructed in the B — Dg*)+D§*)_ decay mode (with only single reconstructed Dy), where
energy and momentum balance of the Y(5S) event can be used to constrain the second B?
decay. Assuming the maximal C'P violation, about 5 same C'P sign events can be observed with

a ~ bab~! dataset at the Y(5S).

5.11.4 Potential of A, studies at ete — AyA,
process near mass threshold

Interesting physics can be expected at the higher ete™ center-of-mass energy. The energy just
above the mass threshold of the A,A, pair (and perhaps above B.B. mass) is of special interest.
At very high energy hadron-hadron machines, the relative rate of b baryon production over all b-
quark production is (9.9 +1.7)%, and approximately 90% of produced b baryons are A baryons.
This rate is comparable with the high energy BY production rate of (10.4 4+ 1.4)%. Potentially,
the relative rate of the A, baryon production at ete™ colliders running at an energy just above
the AyAp mass threshold should be about 10% as well. Generally, it is better to record data at
an energy of a high lying T resonance to increase the bb production cross section, however even
non-resonant bb continuum cross section is expected to be about half of the full bb cross section
at the Y (5S). If the A, baryon studies can be done at Belle II, this could further extend the
proposed physics program.

The CLEO Collaboration investigated the region around the AyA, mass threshold [289].
They scan the CMS energy region between 11227 MeV and 11383 MeV in 3 MeV intervals
and collected an integrated luminosity of 14 to 20 pb~! at each point. Although they did not
find evidences of resonant or threshold enhancements, a low significance anti-proton and A°
production enhancement is seen in the data at the energy around 11310 MeV. Dedicated runs
with the KEKB accelerator and Belle II detector could clarify the situation.

Interesting physics can be done at eTe™ colliders with the A, baryons. Decays of the Ay
baryon are well suited for BSM searches because, in contrast to B and BY mesons, the A,
has a spin. This provides the possibility to measure directly the parity violation and triple
product correlations, which are expected to appear in angular distributions of decay products.
Examining the Ay decays described by penguin diagrams, we obtain a unique situation, where
the C'P violation is exhibited in a branching fraction charge asymmetry, the P- and T-violations
are exhibited in triple product correlations and New Physics processes could contribute in loop
diagrams with an amplitude of the same order of magnitude as SM processes.

The decay Ay, — Ap™p~ (some theoretical discussions can be found in [290,291]) is of special
interest. This process is described by electromagnetic penguin or box diagrams and, therefore,
is very sensitive to different BSM contributions. Possible studies of A, — Au™pu~ decay have
been recently discussed in several papers, where the non-resonant muon pair production [290] or
resonant J/v — pp~ production [291] was considered. The strong interest in this decay results
from the possibility to study time reversal (T) violation effects, using triple product correlations.
These are reflected in the angular distributions of the final state A and pu™ ™~ pair, and are T-
odd under time reversal. The studies can be seen as a complementary test of C'P violation by
assuming the correctness of the C'PT theorem, or might be used to search for C'PT violation.
Moreover, because the Ay, — Au™p~ decay is described by loop diagrams, this decay is natural
process to search for BSM effects. The detailed procedure to explore this decay mode is not
yet developed. Both experimental and theoretical improvements are required to investigate Ay

197



decays in detail.
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Table 5.23: Expected number of reconstructed D*t — D%+ DY — K~nF decays at different
facilities (projected using [292], [293], [294], [295]). fFor charm factory the expected yield of
U (3770) — D°DY D° — K=+, DY — K*r~ is quoted.

Facility num. of D*T — DY+ | int. luminosity [fb~!] Comment
DY — K—xt
existing B factories 2.5 x 106 1000 final data set
Super-KEKB 14 x 108 5000 purity ~ 99%
Charm factory’ 4 x 104 20 both D%’s reconstructed;
DYDY in coherent state
Tevatron 0.5 x 10° 0.35
LHCb 15 x 10° 2

5.12 Charm Physics

5.12.1 Introduction

A large increase of various results in the field of charm quark physics arising in the recent years
from the existing B-factories reflects two underlying reasons. First, a realization that the B
factories represent also a superior source of charmed hadrons, with

o(ete” — BB) =~ 1.1nb, o(ete” — c¢) ~ 1.3 nb. (5.94)

Secondly, a dual role of charm physics in the contemporary flavor physics - as a test ground for
theoretical calculations (especially lattice QCD), enabling even more precise measurements in
the system of B mesons, as well as a stand-alone field of search for phenomena not included in
the SM.

To set the stage for some estimates of the expected sensitivities it may be instructive to quote
the yield of reconstructed benchmark decays D*t — D7+, DY — K—rnt at different facilities.
For a modest Super-KEKB integrated luminosity of L = 5 ab™! we can expect 14 x 10% signal
decays with a purity of above 99%. With few years of running at the design luminosity one
expects an order of magnitude larger data sample.

Charm factories operating at Cornell and in Beijing have somewhat less than two orders of
magnitude lower luminosity. The first milestone to be achieved is an integrated luminosity of
2 tb~!, to be expected around the end of 2009. With BESIII running four years at the design
luminosity, the accumulated data set should correspond to L =~ 20 fb~!. Pairs of charmed
mesons at these facilities possess completely different properties than the ones produced in the
fragmentation of c¢¢ pairs, as discussed below. LHCb at LHC will reconstruct about the same
amount of benchmark decays with an integrated luminosity of 2 fb~!, roughly corresponding to
one year of data taking at the nominal luminosity, as the Super-B factory with L = 5 ab™!, but
in a significantly more demanding environment of hadronic collisions.

5.12.2 Spectroscopy of charmed baryons

Important field of confrontation of experimental results to the predictions of QCD is the spec-
troscopy of charmed hadrons. Due to their specific interest in production of coherent states
of D meson pairs, the charm factories cannot contribute to these experimental efforts. Both,
baryons and mesons composed of charm quarks offer a rich spectrum of states that can serve as
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Figure 5.63: (a) Predicted (dashed line) [296] and measured (full line) masses of A. and 3.
baryons. Only the lowest predicted radial excitations are shown, and isospin splittings are not
included. (b) Square of masses of several known A. states as a function of their assumed spins.
For the states where the spin assignment is not experimentally tested the question mark is
added. The naive linear Regge trajectories with the slope ~ 1.55 GeV? are plotted as dashed
lines. The accuracy of the mass determination is better than shown by data points.

a laboratory to test theoretical predictions based on the quark models, heavy quark symmetry
(HQS) and others [296], [297]. Numerous measurement possibilities exist and it is impossible to
comprehensively list those. In the following only some hopefully instructive examples are given.

Recent experimental results in the field of charmed baryons reveal several new states, as
well as (at least in some cases) the determination of their quantum numbers [298], [299], [300],
[301]. The latter proves to be crucial for such tests (in order to relate the predicted states to
the observed ones). Although the mass of the ¢ quark is large and thus the flavor symmetry
of baryons composed of u,d,s and ¢ quarks is broken, the SU(4)gayvor multiplets represent a
good visualization of the baryonic states to be expected [24]. In the ground (L = 0) 20’-plet
(JP = 1/2%) there are 9 baryons with one ¢ quark, all experimentally observed. In the 20-plet
(J¥ =3/2%) all 6 baryons with a single charm quark have been observed. Or at least believed
to be observed, since the spin has been experimentally tested for only one of those, Al. For
some states the assignment of the spin, based on the quark model, is relatively straightforward
(e.g. for X.(2455)), while for others even the isospin is not known (e.g. A.(2765)). From the
rich spectrum of orbitally excited charmed baryons, 9 candidates have been found so far. Eight
of those have been discovered at the eTe™ colliders operating at the Y(45) [24]. For these
candidates the determination of the quantum numbers is, due to a large number of predicted
states in the relevant mass range, of even larger importance. The experimental situation for A,
and X, states is shown in Fig.5.63(a), where experimentally observed states are shown next to
the predictions from the quark model [296]. Note that the isospin splittings are not shown, and
for predicted states only the lowest radial excitations are included.

The spectroscopic measurements usually involve two stages: a) reconstruction of badly known
or even yet unobserved states, in an appropriate decay mode, and b) study of isospin related
decays, angular distributions and/or any other observables yielding information on the quantum
numbers of the observed states. For the step a) most commonly the invariant mass of the final
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state particles is used, although other methods can be applied (see for example section 5.12.3
on double ¢¢ production). For narrow states where the resolution is comparable to the natural
width or even dominates the width of the invariant mass signal, a usual practice is to use the
mass difference w.r.t. a well known mass of one of the final state particles. If one is dealing
with a cascade decay of the type R — AB, A — ab, the use of AM = M (abB) — M4 reduces
the uncertainty on M(R) = AM + My caused by the measurement error on M (ab) (masses
of particles denoted as M (ab) represent the measured invariant mass, while M4 denotes the
nominal mass known from other measurements). An alternative approach is to refit the tracks
a, b to originate from a common production point, imposing the nominal mass of A as a constraint
in the fit.

The mass constraint fit to AT was used in the recent studies of the A.(2880) spin and
parity [300], decaying to A7~ 7". The study can serve as an example of the possibilities offered
by the largely increased statistical power of the samples. In Fig. 5.64 the mass distribution of
¥c(2455)m combinations, where ¥.(2455) decays to A.m is shown. The distribution represents
the result of the first stage of the measurement.

The measured angular distribution of A.(2880)" — 3.(2455)m, X.(2455) — A.m decays is
sensitive to the spin of A.(2880), and strongly prefers the value of

JP(A.(2880)) = 5/2F . (5.95)

This represents the second step of studies, mentioned above. The value was obtained from a fit of
the predicted helicity angle distributions for J(A.(2880)) — 1/2(X.) + 0(w) decays, proceeding
through L = 0,1,2 or 3 wave (it should be noted that the parity of the decaying state cannot
be determined from the angular distribution alone). The expected angular distributions can be
found in [302].

To determine the parity in the framework of HQS, the ratio of branching fractions for decays
through intermediate X,

Br(A.(2880)F — ,(2520)7)
Br(A.(2880)F — X,(2455)7)

= 0.225 £ 0.062 & 0.025 , (5.96)

is used. The value favors a positive parity assignment, but with the current accuracy cannot
distinguish between the two possible angular momenta of the light quarks system in A.(2880),
JP =2%,3% (prediction for the ratio of branching fractions of 0.23 and 0.36, respectively [303]).
The precision is currently limited by the statistical error. With the data available with 5 ab~!
this uncertainty would be less than the systematic one (although it should be noted that the
latter depends on the knowledge of 3. parameters and will decrease with larger statistical power
of the sample as well), and the quoted ratio would be determined with an accuracy of +0.03.
As shown in Fig. 5.64, in the same publication Belle observed a significant contribution of
Ac(2940) — X.(2455)7 decays, comprising 220 signal events (A.(2940) was first observed in
the decays to D%p [299]). While the current statistics does not allow for a similar angular
analysis as in the case of A.(2880), the increased data sample (~ 2 x 103 signal events with
L=5 ab™!) would enable also A.(2940) spin determination.

Not only HQS but also predictions involving Regge trajectories can be tested by studies of
these excited states. This is illustrated in Fig. 5.63(b) where M? of various known A, states
is plotted versus the assumed spin values. The lines indicate a naive linear Regge trajectories,
which provide a good description of data on the light quark hadrons. For charmed baryons
deviations from this linear behavior are observed (note that the accuracies of the mass deter-
mination are better than the size of the data points). With the increased data set one will be
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Figure 5.64: Invariant mass of selected X.(2455)m combinations from [300]. Beside a strong

A.(2880) signal, also a signal of around 220 events is observed at the mass of around
2940 MeV /2.

able to test the so far uncertain spin assignments, search for even higher excited states, test
the deviations from linearity and the predictions of more sophisticated models [304], and try to
understand the underlying QCD foundations.

Isospin assignment of recently discovered Z.(2980,3077) [301] is experimentally verified by
the observation of the charged as well as the neutral states. Baryons are reconstructed in decays
to AT K—7t and A} Kgm~. Statistical significance of the Z.(2980)° signal is only 1.5 standard
deviations and would increase roughly by a factor of 3 using the 5 ab™! data set. This would
present an evidence that Z.(2980) is indeed an isodoublet, as anticipated from the available
data. Needless to say that the analysis of angular distributions, providing an insight into the
spins of the observed states, would be possible with the expected data set.

A goal of these and similar studies, possible with a larger data set available at Super-KEKB,
would be a well established ensemble of charmed hadrons with determined quantum numbers,
to be confronted to theoretical understanding of the strongly bound states.

Separately from the above mentioned hadrons which are understood in terms of a conven-
tional quark model, there exist a growing evidence of more exotic states. Here, “exotic” should
be (at least for now) understood in terms of no obvious predicted candidates for the experimen-
tally observed resonances. They are discussed in section 5.13.

Last but not least, up-to-date there is no strong experimental evidence for the existence of
doubly charmed baryons. While the double c¢ production is discussed in the next section, a
possibility of search for such baryons should be mentioned at this place.

5.12.3 Double c¢ production

Important information for the correct quantitative application of QCD to quarkonia production
is obtained by the study of double charmonium production in e*e™ annihilation. Using two-body
kinematics, exclusive final states can be identified by studying the spectrum of the mass recoiling
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against one of two charmonia in the final state, denoted by (cé)', which is reconstructed
exclusively. The recoil mass is determined as

Myeeoi ((c2)'") =/ (Eoms — Efyg)? — b, » (5.97)
with Ecms, Ef,, and p,, denoting the ete™ center-of-mass (CMS) energy, and (cé)'®® energy
and momentum in this frame, respectively. The observed spectra for (c¢)® = J/v, 1(2S), or
Xc1,2 mesons are shown in Fig. 5.65 [305]. The clear peaks are seen in the spectrum of mass
recoiling against J/v¢ and ¥ (25), a hint for the J/¥x.1 production is also seen in the M ecoil (Xc1)
spectrum. Measurements of J/¢m., J/yxc0 and J/yn.(2S) production [306,307] have been in
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Figure 5.65: The mass of the system recoiling against the reconstructed a) J/v, b) ¥(25), c)
Xecl and d) Xe2-

significant disagreement with the non-relativistic leading-order (LO) calculations [308]. Later
it has been shown that the non-relativistic approach may not be applicable [309]. Recently the
next-to-leading order (NLO) calculations that also include relativistic corrections appear to agree
with the measurements, within relatively large uncertainties due to the mass of the charm quark
and renormalization scale [310]. The detailed study of double charmonium production with
the integrated luminosity of 5ab~! allows to measure cross sections for production of numerous
exclusive final states with a precision of better than 0.5 — 1fb (for comparison, o(ete™ —
J/Ym.), as measured in [306], is around 25 fb), and to study their angular distributions. A large
part of the systematic error is expected to scale with the luminosity (reconstruction efficiency
dependence on the angular distribution, appropriateness of the fitting function). Moreover,
important information can be obtained by studying the dependence of the double charmonium
production on /s. This can be achieved either by direct measurements at different Fcopss
energies in the T(15 — 5S5) region, or by using the initial state radiation.

The process ete™ — J/1(cc) can be regarded as a mini-factory of charmonia with a positive
charge-conjugation parity. This process can serve for both, searching for new states as well as to
study the decays of already known states. For example, with L = 5ab~! of data the expected
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number of tagged 7.(25) in the Miecon(J/1) spectrum is around 5000. A full reconstruction
of the process eTe™ — J/Yn.(25) — ({747)(KgKm) allows to measure the absolute branching
fraction of the decay 7.(2S) — KgKm with an accuracy of ~ 20%. Studies of various double
charmonium final states [306] have demonstrated that there is no significant suppression of
the production of radially excited states: the cross sections for J/¢me, 1(25)n., J/1¥n.(2S) and
¥(25)n.(2S) are comparable. Thus observations of 7.(nS) and x.o(nP) are anticipated with high
statistics data. New charmonium-like states, the X (3940) and X (4160), have been observed in
the spectrum recoiling against .JJ/1, and are good candidates for the 7.(35) and 7.(4S) mesons.
However, to identify these states an angular analysis is required, which is still not possible
due to the lack of the statistics. The quantum numbers of the X (3940) and X (4160) can be
definitely measured at the superB-factory. A search for exclusive decays of the already observed
and new states, (c¢) — ab, can be performed avoiding the usual large efficiency loss in exclusive
reconstruction. For the two-body decays only a single final state particle a is reconstructed, while
the other can be identified in the recoil mass against J/¢a. The method has been exploited to
study X (3940) — D*D and X (4160) — D*D* decays [311].

Another surprising result obtained at Belle is the measured cross section for eTe™ — J/vce,
where c¢ pair can fragment either into a charmonium state or charmed hadrons. It has been found
to be equal to 0.74 £+ 0.08 fg:gg pb [305] and is larger than the predictions of perturbative QCD
o(ete” — cece) = 0.1 — 0.4pb [312,313]. Moreover, an essential fraction of the eTe™ — ccce
should fragment into four charmed hadrons or doubly charmed baryons, rather than J/vce. An
interesting opportunity to test the predictions of perturbative QCD and quark-hadron duality
may be available with a high statistics of SuperB-factory data through the measurement of the
production of two c¢ pairs, fragmenting into four charmed hadrons. In order to test the prediction
one can search for the production of two equally flavored charmed hadrons, like D°D° or D°D™,
in the same e*e™ collision. Summing over all possible pairs of ground state charmed hadrons
one can measure o(ete”™ — ccéce) in a model-independent way. The data taken at the Y (45)
resonance is contaminated by the same flavor charmed hadrons from BB decays. However, part
of the data is usually taken below the YT (4S) resonance. Assuming that at the SuperB-factory
10% of the running time will be spent to take the continuum data one could expect to start
seeing the signal once the integrated luminosity reaches 5 ab™!.

5.12.4 Semileptonic and leptonic D meson decays

On the long term the most accurate predictions in the non-perturbative regime of QCD are
expected from the lattice calculations (LQCD). To illustrate the way charm measurements with
an increased data size can help in validation of these calculations we can turn to the measure-
ment of the least precisely known CKM element, |V,;|. While inclusive semileptonic decays
of B — X,lv are exploited to determine |V,;| with a relative precision of 8% 9, a comple-
mentary method of measuring exclusive decays (most prominently B — w/fv) yields a value of
V| = (3.84 £ 8:%) x 1073, Knowing that Br(B — mfv) is measured with an experimental
accuracy of 8%, it is clear that the main uncertainty arises from the knowledge of the form
factor f,(q?), which describes the non-perturbative part of the hadronic current in the differ-
ential decay rate d'/dg* = (G%|Vi|?/2473)p2| f+(¢?)|?. Unquenched LQCD calculations [314]
determine the form factor with a precision that propagates to an error of 10%-14% on |Vy|.
In the near future one can hope the precision of the calculations to be significantly improved,
contributing a twice smaller error on |V,;| [24] and hence approaching the current experimental
accuracy. It is thus important to be able to test the predictions with an experimental accuracy

9For details on |Vus| determination see Sect.5.9.
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significantly better than ~5%.

Measurements of semileptonic charm meson decay rates provide an independent test of LQCD
calculations of the form factors. Measured differential decay rate of D® — 7= ¢*v by Belle [315]
yields the normalization of the form factor at ¢> = 0,

f1(0) = 0.624 4 0.020 4 0.030 . (5.98)

The accuracy of the result obtained using only 282 fb~! of data is comparable to the recent
measurement by Cleo [316]. The total error of this measurement is also comparable with the
current precision of the LQCD prediction [317],

FT(0)FRCP = 0.64 + 0.03 £ 0.06 . (5.99)

With the 5 ab™! data set the experimental stat. accuracy would be decreased by a factor of
4. Since background is estimated using the data one can expect also the systematic error to
be significantly decreased. Hence the experimental results would be accurate enough to test
theoretical predictions of much higher precision than currently available (see Fig. 5.66(a) and
Table 5.24).
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Figure 5.66: (a) The expected uncertainty of measured f7(0) and fp,. Horizontal lines represent
current accuracy of LQCD calculations. (b) Form factor for D — 7= ¢*v as measured in
[315] (points with error bars), prediction of LQCD [317] (full line) and the corresponding error
(shaded band), and the expected uncertainty of experimental points using 5 ab~! of data (shaded
rectangles).

To determine the normalization of the form factor, the semileptonic branching fraction of
D° mesons must be measured. Since the total number of charmed mesons produced in ete~
collisions has a relatively large uncertainty, the conventional method at the B-factories is to
determine the rate of decays relatively to another, well measured decay mode. An alternative
procedure, resulting in a clean sample of semileptonic decays was developed in [315]. It uses

ete” — Dt(;;D;EX events, where the tagging meson Dt(:; is fully reconstructed. X represent

any combination of primary particles (neutral and charged). Knowing the 4-momentum of the
initial eTe™ system, Dt(:;

mesons is obtained as

and of the selected X combination, the 4-momentum of the signal

P(D*%) = P(ete™) — P(D?)

sig tag

) —P(X) . (5.100)

A fit of the D;“é momentum to the above equation, with the nominal D* mass as a constraint,
improves the momentum resolution. In the next step a slow pion from D** — D%t is searched

for and the above missing momentum procedure is repeated to obtain the momentum of the
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signal D?. By this one obtains an inclusive sample of charmed mesons, serving as a normal-
ization for calculation of the branching fraction to a chosen final state, e.g. wfv. The latter is
reconstructed by selecting appropriate final state tracks and, if necessary, repeating the missing
momentum calculation once again. The yield of inclusively reconstructed DY mesons with the
described method is around 200 events/fb~?.

Interpretation of the measured differential decay rate, dI'(D® — hfv)/dq?, requires parame-
terization of the form factor dependence on ¢2. In the past most often a simple pole model was
used [318],

1(0)

fﬁ(q2) - 1— q2/(m201e)2 ) (5101)

gradually replaced by its generalization, the modified pole model [319],

f11(0)
(1= q/(mh,)2)(1 — alg?/(mh,)?)

In the simple pole model, the pole mass mple is expected to be the mass of the lightest J P —
17 meson above the kinematic limit for the decay, D* and D} for the mfr and K/v decays,
respectively. The modified model incorporates possible contribution of higher mass states. The
average of precise measurements of the pole masses by Belle and Cleo [315,316] (by means of
the fit of Eq. 5.101 to the measured differential distribution) is

ig?) = (5.102)

mloe = (1.95 £0.04) GeV/c®, mby, = (1.93£0.03) GeV/c* | (5.103)

significantly deviating from the simple expectations. This points to the fact that at least a
simple pole model is not a good parametrization of the form factor. The statistical precision of
the current reconstructed samples at B- and charm-factory is insufficient to judge whether a fit
using the modified pole model, with m e fixed to the expected value, offers a significantly better
description of the data. Only recently new parameterizations [320] started to be confronted with
the measurements [316].

In determining the shape of the form factor, ¢? resolution is of crucial importance. It is
found to be compatible between B- and charm-factory,

o(¢*) = 0.015 — 0.025 GeV? (5.104)

(use of the method described above is assumed for the B-factory). Illustration of experimental
verification of the f, ¢>-dependence is shown in Fig. 5.66(b). Points with error bars correspond
to the measurement of fy(¢?) in D° — 7~ ¢*v decays [315] using 280 fb~! of data, compared to
the calculation of [317] (full line). The light dashed area is the current precision of the LQCD
and the filled rectangles represent the projected experimental error reduced by a factor of ~ 4.
A precise measurement of f, (¢?), especially at high ¢? values, where also the theory predictions
are most uncertain, is clearly anticipated and wished for.

A pseudoscalar to vector meson transitions, e.g. DI — ¢fv, can be described (neglecting
the mass of the lepton) by three independent form factors, A1(q?), A2(q?) and V (¢?). The decay
is determined by the lepton invariant mass ¢?, and three decay angles (for details, see [321]).
In order to constrain the values of the form factors a 4-dimensional distribution of the ¢? and
angular observables must be determined and an appropriate model fit to the data. A large
sample of signal events is clearly needed. BaBar collaboration determined the ratios of the form
factor normalizations, ry = V(0)/A1(0) and 73 = A3(0)/A1(0), using 78 fb~! of data [322]. The
uncertainty of the result, riy = 1.636 +0.067 +0.038, o = 0.705 4 0.056 +0.029, is dominated by
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the available statistics of the analyzed sample. Even more so, as the major part of the systematic
uncertainty (background modeling, limited statistics of the simulated sample) would decrease
significantly in the future. Taking this into account one can expect a precision of £0.02 for both,
ry and 7o, using 5 ab~! of data. Unquenched LQCD calculations of the form factors for the
pseudoscalar to vector transition are not yet available.

An area where the dual role of charm physics is also exposed is the study of purely lep-
tonic decays of charmed mesons. Within the SM the decay width is expressed as I'(D —
tv) = (G%/8n) fpm2mp(l — m?/m%)?|V,e|?, where |Vy| is the appropriate CKM element
and fp is the meson decay constant. The analogous decay constants of B mesons play an
important role in constraining the apex of the unitarity triangle using the ratio of BY and BY
meson oscillation frequencies. The ratio is related to the CKM elements through Amg/Amy =
/5.Bs, |Vis|?/ fj%dB B,|Via|?. Both oscillation frequencies are measured with a relative precision
of less than 1% [24] [323]. On the other hand, the theoretical knowledge of f3 Bp,/ f%dB B, 1S
limited to around 5%. Once again a precise calculation of this factor would be needed and the
leptonic decays of D mesons can provide a test of such calculations.

In a recent measurement by Belle [324] a sample of around 60 inclusive Ds meson decays
is reconstructed in each fb~! of data using the recoil technique analogous to the one described
above for the D — wfv measurement. Such a method enables an absolute measurement of
the D} — ¢*v branching fraction which is crucial for the accurate determination of the decay
constant. The uncertainty of the branching fraction using the B-factory data set is dominated
by the errors which will be reduced by increasing the available data set. The relative uncertainty
using 548 fb~! of data amounts to around 14% [324], only around a factor of two larger than
in the recent measurement by Cleo-c [325]. Using the equation for the decay width given above
the result of Cleo collaboration is converted into the value of the Dy meson decay constant [325]

fp. =(259.5 £ 6.6 £3.1) MeV. (5.105)
This can be compared to the LQCD prediction [326],
5P = (241 £ 3) MeV. (5.106)

Having 5 ab~! data at hand the branching fraction can be measured with an accuracy of around
~4% corresponding to a ~2% error on fp,. This is a sufficient accuracy to test the LQCD
calculations. It should be noted that measuring the ratio of Br(Df — (*v)/Br(D*T — (tv)
has an advantage of cancellation of at least part of the systematic error, which holds also for
the lattice calculation.

As a rough illustration of fp, and f7(0) determination accuracy the projected errors are
plotted as a function of the integrated luminosity in Fig.5.66(c). It should be noted that the
prediction of the systematic errors is uncertain and hence the total projected error is a rough
estimate. Nevertheless the figure can give a feeling on the possibility of LQCD prediction testing
using the increased data-sets at the Super-KEKB. Table 5.24 shows some expectations for the
accuracies of the parameters, following from the studies of the (semi)leptonic charmed meson
decays.

5.12.5 D°— D° mixing and CP violation

Until recently the only system of neutral mesons in which the phenomena of mixing between the
particle and anti-particle has not yet been observed was the system of neutral D° mesons. The
reason for this lies in the fact that this is the only system where oscillations between particle
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Table 5.24: Expected relative errors on some of the parameters, determined in the studies of
(semi)leptonic Dy, decays.

Decay mode | parameter L=5ab! L =50 ab™!
Ostat [%] Osyst [%] Ostat [%] Osyst [%]
DY — wtv f7(0) 1 1.5 0.2 1
Dy — uv fp. 2 2 0.6 1.5
Dy — ¢ty ry 0.6 1.0 0.2 1.0
Dy — ¢ty ro 1.0 2.4 0.3 2.4

and anti-particle are governed by the exchange of the down-type (d,s,b) quarks in the box
diagram loops. Time evolution of an initially produced flavor eigenstate D° or D is governed
by parameters
mi — mo I =T

r YT o
where m1 2 and I'y o are the masses and the widths of the mass eigenstates, respectively. I' is
their average width, I' = (I'y +I'2) /2. Since the majority of D meson decays is Cabibbo allowed
(CA), while the D® — D transitions are twice Cabibbo suppressed (DCS), it follows that the
oscillations are slow compared to the decay rate

(5.107)

m1—mg I't =T
T ’ 2T

x O(sin?0g) << 1 . (5.108)

Beside this, in the limit of an exact flavor symmetry the box diagram process yields zero con-
tribution due to the GIM mechanism. Non-zero values of z and y arise due to the SU(3)gavor
breaking, i.e. m3 # m?2 (b quark contribution is negligible due to the small value of |V,;|). Two
approaches are used to estimate the resulting values of the mixing parameters within the SM.
The inclusive one is based on the Operator Product Expansion [327] and finds typical values
lz|, |y| ~ O(1073). The exclusive method uses a series of exclusive states accessible to both D°
and DY, thus coupling the two states [328]. The method shows that

2], |yl ~ O(107?) (5.109)

can be expected within the SM. Due to the small expected mixing rate, as-yet-unobserved
particles contributing to the box diagram (NP) could significantly affect the measured values
[329]. As most of the processes with low expected rates, the DY mixing is thus an interesting
area to search for possible contribution of NP.

The SM CP violation (CPV) effects in the system of D° mesons are expected to be experi-
mentally even more difficult to observe than the mixing itself. In the mixing and C'P violation
processes involving D mesons, to a good approximation only the first two generations of quarks
are involved. Using the Wolfenstein parameterization of the CKM matrix the complex phase in
the corresponding elements arises in the V.4 [330] as nA2\* ~ O(1073). This value can serve as a
rough estimate of the magnitude of the C' PV effects one could expect. A small C PV within the
SM opens a possibility of the search for the unknown processes that might significantly increase
the expected values.

The mixing parameters x and y affect the time dependent as well as the time integrated rates
of individual DY decay modes and are hence experimentally observable. In all the measurements
described below, D** — D%z} decays, in which the charge of the characteristic low momentum
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pion determines the flavor of the produced D°, are used. Selecting D* mesons with high enough
momentum, typically around 2.5 GeV /¢, eliminates the contribution of D mesons produced in B
decays. These have a different decay time distribution (due to a finite decay time of B mesons).
DY daughter tracks are refitted to a common vertex. The production point of the DY is obtained
as an intersection of its trajectory, slow 7 track and the ete™ interaction region, and together
with the decay vertex determines the meson decay length L. Typical resolution achieved on the
decay time,

t= m(%O)L (5.110)
o(t) ~ T(Z;O) (5.111)

with 7(D°) = (410.1 £ 1.5) fs [24].

In 2007 the first experimental evidence for the D — D° mixing emerged [331] [332]. Belle
has measured the difference in the apparent lifetime (assuming the time distributions to be
exponential) when a D? meson decays to the CP eigenstates fcp, fop = KTK—,ntn~, and
when it decays to the final state K7t [331]. The relative difference is defined as

_ T(KTah)
or = T(fep)

which can in terms of the mixing parameters be expressed as [333]

—1, (5.112)

1
yop =ycos¢ — S Ayrsing. (5.113)

Here, Aj; and ¢ parameterize the CPV in the mixing and interference between mixing and
decays, respectively. If C'PV can be neglected, Ay = ¢ = 0 and yop = y. The result of the
measurement using 540 fb=! of data is yop = (1.31 & 0.32 £ 0.25)%, significantly deviating
from zero. While this evidence represents a large step forward in experimental sensitivity to the
mixing parameters, with 5 ab~! of data at hand one can determine ycp with a total uncertainty
reduced to only £0.15%. The contribution of systematic error to the latter value (when sources
expected to scale with the luminosity are taken into account) is around +0.10% and hence the
statistical error is still slightly larger than the systematic. With an order of magnitude larger
data set the total error would clearly depend only on a precise understanding of the detector
and sources of systematic errors which do not completely cancel in the measured lifetime ratio.
Main sources of the systematic uncertainty will arise from a possible small bias in the decay time
determination'® and possible differences in the decay time distributions of background events
in the signal and sideband intervals. Such a precise measurement would be of large importance
to discriminate between different theoretical predictions (SM ones, once they become more
accurate, as well as predictions for NP contributions).

With the measured ycop being at the upper limit of the values expected within the SM, it
is even more important to search for the possible CPV effects which, if observed, would at the
current level of sensitivity represent a sign of NP processes. In the same measurement search
for the C' PV is performed by measuring the quantity

7(D° - K~K*) —7(D° — KtK™)

Ap = 2 .
T IDV S KK +7(DY = KTK)

(5.114)

10The effect is a consequence of the correlation between the opening angle among final state tracks and the
reconstructed decay time.
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This asymmetry is related to the mixing and C'PV parameters through [333]
1
Ar = §AMycosd>—xsind>. (5.115)

No CPV is observed, the result of the measurement being Ar = (0.01 £ 0.30 4 0.15)%. The
uncertainty with 5 ab™! of data would be +0.12%, to which the systematic error not scaling
with the luminosity contributes around 0.06%. The latter would dominate the uncertainty with
50 ab~! and would arise from similar sources as for the ycp measurement.

Another sensitive measurement became available recently [334] by performing a time-dependent
Dalitz analysis of D — Kgm™m~ decays. Different intermediate states (CP even or odd, like
Ks fo or Kgp?, or flavour eigenstates, like K*(890)*7~), populate different regions of the Dalitz
space, and exhibit a different decay-time distributions, depending directly on x and y. A simulta-
neous fit of the decay-time and Dalitz distribution thus allows one to determine the two parame-
ters. Results of this measurement, performed on a 540 fb~! data set, are z = 0.80 £0.29 fg:gg fg:%i
and y = 0.33 + 0_24418:(1); fg:gg, where the first error is statistical, the second experimental sys-
tematic and the last systematic due to the model used to describe the Dalitz plot. The study
of self-conjugated multi-body final states in D° decays is the only method which directly deter-
mines the parameter x. Using the extrapolation of the errors from the above measurement and
assuming the experimental and part of the model systematic error to be reduced, one can hope
for an accuracy of around +0.15% (£0.10%) and +0.10% (£0.08%) for x and vy, respectively,
with 5 ab~! (50 ab™!). The main non-scaling systematic uncertainty will be due to the model
dependence in the description of the Dalitz distribution. Since the expected accuracy on y is
similar to the one from the measurement of D° decays into the C'P eigenstates one can gain
further in the precision by averaging the two uncorrelated results.

CPV allowed fits to DY — Kgrt 7~ decays reveal a similar sensitivity to the A,; parameter
as obtained from decays into the C'P eigenstates, and additional sensitivity to the C'P violating
phase ¢. Using 540 fb~! of data the resulting values are |q/p|(= 1+ Ajp;/2) = 0.86 £0.30 £0.10
and ¢ = (—0.24 £+ 0.30 £+ 0.10) rad. The expected accuracies of |¢/p| and ¢ determination
from the D — Kgnt7n~ study with 5 ab=! (50 ab™!) are 0.13 (0.10) and 0.12 rad (0.07 rad),
respectively, where the main non-scaling systematic uncertainty is again expected to arise from
the limitations related to the Dalitz model.

Additional decay modes enabling an analogous measurement as described above include
D —» KgKtK~ and D° — 7% 7=, These will improve the overall accuracy of z and y
parameters determination, but the prediction of the improvement is difficult. The sensitivity of
individual decay channel to the mixing parameters is determined by the strong phase variation
over the Dalitz plane which is apriori unknown.

Hadronic decays to non-C'P eigenstates provide a similar sensitivity to the mixing as the
methods described above. Study of the decay-time dependence of DY — K7~ allows one to
separate the DCS contribution from the mixing one, DY — D® — K*7~. The time distribution
can be written as

2 /2
Y re2| (5.116)

[D° — Kt ] = e " Ag—r+|> |Rp 4+ /Rp(y cos ¢ — ' sin )Tt +
where Rp is the ratio of DCS and CA decay rates. The study of the time dependence allows only
for the determination of parameters 2> and v/, related to z and y by an unknown strong phase
difference between the DCS and CA decays, dxr; @' = xcosdxy + ysindgr, ¥ = ycosdgr —
zsin dg . This phase can be measured independently at the charm factory [335], although at this
time the value is not well constrained yet: cos dxr = 1.09 £ 0.66 (once the integrated luminosity
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of 20 fb~! is collected at the charm factory, the error on cosdg, is expected to decrease to
4+0.04 [336]). The most stringent constraints on 2’2 and y’ parameters were obtained in [337],
using 400 fb~! of data. The fit to the ¢ distribution of D® — K7~ decays, assuming negligible
CPV, results in 22 = (0.18£ 23) x 1073, 3/ = (0.6 57) x 1073 and Rp = (3.6440.17) x 1072,
including the systematic error (the latter increases the stat. error by 12%). To properly model
the t distributions, this method requires a good understanding of the detector time resolution.
With 5 ab™! one expects an accuracy of +0.10 x 1073 and 0.2% on z'? and %/, respectively.
While at this integrated luminosity the statistical error is still comparable to the systematic
one, with 50 ab~! it becomes negligible, resulting in rough expectations of £0.08 x 10~3 and
0.15% for the corresponding total uncertainties. The remaining systematics is expected to be
dominated by imperfect modeling of the decay time resolution function.

The fit to the decay-time distribution which allows for the C'PV is sensitive to the parameters
Ay and Ap. The result for the latter, which parameterizes the C PV in the DCS decays, is
Ap = (23 £47) x 1073, where the uncertainty is statistical only. Assuming approximately the
same fraction of scaling and non-scaling uncertainty as for the 2/ measurement and propagating
the error to 5 ab~! and 50 ab™! one finds the anticipated values of 2.1% and 1.7%.
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Figure 5.67: Left: The probability contours for the current world average values of the mixing
parameters x and y [338]. The error bars denote the expected accuracy on the parameters with
50 ab~! following from the extrapolation of results using K¥*K~, 7t7~, Ktn~ and Kgntn™
final states. Right: The probability contours for the current world average values of the CPV
parameters |¢/p| and ¢ [338]. The error bars denote the expected accuracy with the same
assumptions as above.

Summary of the expected accuracies achievable with the Super-KEKB data set is given in
Table 5.25. To get a general impression on how the combination of different measurements
reflects in the precision of the parameters related to the DY — D° mixing, one can do a simple x>
minimization of the projected results described above (D° — K*K~/at7n=, DY — Kgntm—,
D% — K*77) in terms of the mixing parameters = and y, C PV parameters |¢/p| and ¢, and
Oxr- We assume Gaussian p.d.f’s, with the observed correlations among variables in a single
measurement [338] taken into account. The assumed central values in this averaging procedure
are x =y = 0.8%, |¢/p| = 1, Ap = ¢ = 0 and dx, = 0.38 rad, roughly corresponding to the
current world average values. The probability contours of the current average [338] are shown
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Table 5.25: Approximate expected accuracies of different parameters describing the D° mixing
and C' PV. The first uncertainty is the statistical error combined with part of the systematic error
expected to scale with the luminosity, and the second is the rest of the systematic uncertainty.

L =5ab~! L =50 ab™!
Parameter Current Combined Combined
yop [%] | £0.39 £0.10 | £0.12 +0.10 4+0.05 £ 0.10
Ar [%] | £0.33 £0.06 | £0.10 4+ 0.06 4+0.04 + 0.06
z (%] +0.31 £0.10 | £0.10+£0.10 |  +0.12 | £0.03+£0.10 |  £0.09
y (%] 4+0.26 £0.07 | £0.08 £0.07 | +0.09 | £0.03 £0.07 | +0.06
lq/p +0.30 £0.08 | £0.10 £ 0.16 | +0.08 | £0.03 +£0.16 | +0.06
¢ [rad] | £0.30 £0.06 | £0.10 £0.06 | +0.08 | £0.03+£0.05 | =+0.05
22 [1073] | £0.23 £0.09 | £0.07 £ 0.09 +0.02 4+ 0.09
y' (%] +0.42 4+ 0.16 | +0.12 4+ 0.16 4+0.04 + 0.16
Sk [rad] +0.11 +0.08

in Fig. 5.67. Results of the fits are presented in Table 5.25 in the column denoted ”Combined”.
The uncertainties following from the fit are also illustrated with error bars in Fig. 5.67. Note
that the expected accuracies shown are derived using only the existing results and will be further
improved using the so far unused methods, for example the decay time dependent Dalitz analyses
of D" - KgK+K~ and D° — 7ntn~ 70 decays.

It is thus fair to conclude that already with a modest Super-KEKB integrated luminosity the
DY mixing parameters will be measured with a O(10~3) accuracy. Probably more importantly
for the search of NP, the C' PV parameters can be constrained to around 5 x 1073 with 50 ab~!
of data. This propagates into the sensitivity on various C PV asymmetries of around 5 x 1074
' The expected accuracy of |¢/p| and ¢, for example, propagates into an uncertainty of around
+0.07% on the asymmetry Ap. The expected 65% C.L. region in (¢, Apr) plane is sketched in
Fig. 5.67, right.

"1n terms of the underlying parameters the factors determining the observable asymmetries are typically of
the form xsin ¢, y(|g/p| — 1) cos ¢.
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5.13 Charmonia and new particles

In the history of physics, many new and important insights have derived from detailed studies of
“well understood” systems: precise measurements of the motion of planets in the solar system
led to the discovery of an anomalous precession of the perihelion of Mercury’s orbit, which
provided an important impetus for general relativity; high resolution measurements of atomic
spectra were the key to the discovery of fermion spin.

In hadronic physics, the best understood quark-antiquark systems are heavy quarkonia,
i.e, c¢ or bb mesons. Here, because the quarks are massive, they are nearly non-relativistic
and ordinary quantum mechanics is applicable. Moreover, lattice calculations are particularly
well suited to heavy quark systems. As these improve we can expect reliable first-principle
calculations of quarkonium properties with good precision.

The discovery of the missing cc¢ states and the precise measurements of properties of the
already observed are important for a number of reasons. First of all, measurements of the
masses of these states will pin down unknown parameters of charmonium models, such as the
strength of the fine and hyperfine terms in the inter-quark potential. Second, some properties of
these states are highly constrained by theory. Measured variances from theoretical predictions
could indicate new and unexpected phenomena.

The QCD-motivated models predict an existence of hadrons of more complex structure
than conventional mesons or baryons, such as hybrids [341] and multiquark states of either
molecular [342], tetraquark [343] or hadrocharmonium [344] configuration. As the conventional
charmonium spectrum is much cleaner with respect to dense spectrum of light states, therefore
exotic states containing cc are expected to be identified easier than the ones predicted in the
light spectrum. Any resonance observed in addition to predicted multiplets might give a hint of
such an exotic spectroscopy.

Some of the recently observed charmonium-like XY Z states could be candidates for the
exotic hadrons mentioned. However most of them still await confirmation or need their properties
to be further studied before any decisive interpretation is made.

A Super-KEKB factory would provide superb opportunities for precision, high sensitivity
measurements of the charmonium system. A reason for that is not only large statistics expected
but also number of processes suitable for studying the c¢¢ system which allow ones to perform
comprehensive studies. In B meson decays, the b — ccs subprocess is CKM-favored and,
thus, final states containing charmonium particles are common. The simplest B meson decays
yielding charmonium state (X.z) are B — K Xz; their large branching fractions (O(1073)) assure
large number of detected charmonia. Even right at the Y (4S) peak, the cross-section for the
continuum production of ¢¢ quark pairs is higher than that for bb pairs. One of the continuum
processes useful for charmonium studies is double c¢ production elaborated before. Valuable
spectroscopic technique occurs to be also an initial state radiation (ISR) process which allows
one to access states bearing quantum numbers J¢ = 17~. In environment of Super-KEKB
factory charmonia are also formed in ~ fusion and can be further reconstructed exclusively
in numerous final states. Thus, a “Super-B” factory is also a “super-charm” factory that will
support a variety of interesting studies of charmed particles and charmonium physics.

5.13.1 Charmonia below open-charm threshold

All the states that are predicted to have masses below the thresholds for open charm production
have been already discovered. Observations made within last few years, such as discovery of the
ne(2S) [345] as well as of the most elusive state h. [346], have completed the list of low lying
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charmonia.

The 1.(25) had evaded detection for nearly thirty years and was finally discovered in 2002
by Belle via its KgKm decay mode in exclusive B~ — K~ KgKm decays [345] and subsequently
confirmed by other Belle measurements [347,348] as well as by BaBar [349] and CLEO [350].
The measured M [¢(2S)] — M[n.(25)] hyperfine splitting (49 + 4 MeV) was at the lower end of
the theoretically preferred range (43 ~ 75 MeV) [351,352]. The agreement between theory and
experiment is substantially improved when the coupling of the 1/(2S) to DD channels is taken
into account [353].

Although being studied systematically in numerous processes by several experiments, the
ne(2S) still requires further explorations. Its only decay mode observed so far is KsK+tn—,
which is surprising, given many 7.(2S) decay channels observed.

The 7.(25) has not been observed in ¥(2S) — vn.(2S) M1 transition [354], typically used
by CLEO to study properties of charmonia, for example the properties of the 7. [355]. Moreover
the M1 transition occurs to distort line-shape of the charmonium produced and thus bias its
mass and width measurement [24]. Therefore high precision study of the 7.(2S) properties and
search for its exclusive decay modes shall be a task for Super-KEKB factory where precision
measurements can be performed for the 7.(25) produced in various processes. A discovery
process, B — 1.(28)K with 7.(25) — K;K™7~, looks very promising, as one expects here
about 35000 signal events for 5 ab~! data sample and an accuracy of the 7.(25) mass and width
of about 1 MeV and 3 MeV, respectively. These errors as well as an additional one coming
from model describing an interference between the 7.(2S) signal with complicated features of
the K;K 7~ background can be significantly improved with increased statistics.

The 7.(2S) produced in vy fusion have been also studied with Belle data sample of about
500 tb~! [356]. For the 7.(25) reconstructed in KsK 7~ decay mode mass and width were mea-
sured with precision higher than other existing measurements. Also in this case the interference
effects between the 7.(2S5) signal and continuum background, ignored in preceding studies, were
found to affect the measured parameters. Hints of 7.(25) — 4K, 4w, 2K 27 signals seen assure
that additional decay modes of 1.(2S5) can be observed with Super-KEKB factory data sample.

As mentioned in Sect.5.12.3, with very high statistics one can use the double charmonium
production, especially ete™ — J/19X. process, to measure absolute branching fractions of
ne(1,25) (or other C-even charmonia) decaying to various final states. But this method, being
based on rather low resolution recoil-mass technique, can hardly be used for precise mass or
width measurements.

The h. has proven to be the most elusive of the low-lying charmonium states. The signal
of the h. candidates found by the E760 experiment at Fermilab [357] has not been confirmed
by a subsequent experiment E835 [358]. The h. was finally observed by CLEO in 2005 via
¥(28) — 7O, with h. — 7. in both, inclusive analysis (without 7. reconstruction) and exclu-
sive reconstruction of 7, [346]. The recent CLEO study yields M (h.) = 3525.2+0.18 £0.12 MeV
and P-wave hyperfine splitting M (h.) — M(13P. cpg) = 0.08 £ 0.18 &+ 0.12 MeV [359]. This is
an important test of perturbative QCD and validation of relativistic potential calculations. In-
deed one has expected M (h.) = M (11 P.1) ~ M(13P. 4), as P-wave splitting describing spatial
behavior of cé potential is proportional to §2(7) for a Coulomb-like c¢ interaction and thus tiny.

Confirmation of the h. by Belle will be a challenge even with Super-KEKB factory data.
Searches in B meson decays are hampered by the fact that the exclusive decay process B — Kh,,
which violates factorization, is expected to be small. Using a technique based on a suggestion
by Suzuki [360], Belle looked for the h. via the B — Kh. and h. — 7. decay chain. The hope
was that the large expected decay branching ratio for h, — 1. (~ 60%) might compensate for
the small, factorization-suppressed rate for B — Kh.. So far, no signal has been seen, but the
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branching ratio upper limit (~ 4 x 107> with 250 fb~! of data) is not very restrictive [361]. This
is because of the low efficiency for reconstructing the 7. in low-background channels. Future
searches at higher luminosity will improve this limit, but only by a factor that goes as the
square-root of the increase in luminosity.

The process eTe™ — n.h, is allowed by C-parity conservation. Thus, another approach for
Belle h. searches would be to use experimentally distinct 7. decay final states, such as pp and
4K modes, to study states recoiling against continuum 7. in eTe™ — cécé processes. Since the
useful 7. modes have branching fractions (~ 1073) that are ~ 1072 smaller than those for the
J /1 this method will require a large data sample. If we assume that the o(eTe™ — n.h.) ~
olete™ — J/xe), about 10 ab~! of data would be needed to confirm the k. by this method.

5.13.2 Charmonia above open-charm threshold

As for the states above the DD mass threshold, despite recent experimental progress, situation
is not well established. Of the predicted n = 1 D-wave charmonia only ¢(3770) (13D,;) has been
observed. Remaining ones, 13D027037 1' Do, with masses predicted to be close to the Y(3770)
mass, are supposed to be narrow and decay to lower-lying charmonia as their decays to DD®)
are forbidden due to either parity conservation or suppressed by angular momentum barrier.
Therefore observations of all the D-waves states is feasible. Especially discovery of 13Dy is
important for a possible identification with X (3872) (see Sect.5.13.3), which - even though
unlikely - has not been ruled out. Since the exclusive decay B — (13D.2)K is expected to be
strongly suppressed by factorization, here also searches in exclusive decays are not promising.
Since the yx.1 and 77~ J/1¢ modes are expected to be strong and are experimentally distinct,
inclusive searches for B — (13D.2)X are feasible.

The next unobserved multiplet, 23 P (2.3 and 2! P4 (X/cl,CQ,c?) and h!) should lie in mass
range of 3800-3980 MeV and have widths of 30-150 MeV. The Z(3930) observed as a peak in
the spectrum of DD produced in vy and having quantum numbers determined to be 277+, is
a good candidate for x., [362]. This interpretation could be confirmed by observation of the
DD®™ final state predicted to have a large, about 25%, branching fraction for XLy Given the
signal yield observed for Z(3930) — DD with data sample of about 400 fb=!, at least 5 ab™?
sample would be necessary to observe significant Z(3930) — DD®) signal, if one accounts for
the D* reconstruction efficiency and lower partial width predicted.

As mentioned in section 5.12.3, the X (3940) and X (4160) states observed in ete™ — J/9X
could be candidates for 7.(3S5) and n.(45), although the X masses are below potential model
estimations being 4050 MeV for 7.(3S) and 4400 MeV for 7.(4S). Once a data sample of 5 ab~!
is available, the assignments suggested could be verified by observing the X (3940) and X (4160)
signals, respectively, in vy — DD* and yy — D*D* followed by angular analyses.

The known charmonia above the DD mass threshold: (3770), 1(4040), (4160) and
1(4415) are 1~ states corresponding respectively to 12Dy, 3351, 43S; and 23D;. Their param-
eters have been determined from the fit to the R spectrum measured in energy scans performed
by BESII experiment [363]. However fitting such inclusive data is complicated and yields the
resonant parameters being strongly model-dependent. To reduce this effect, one could fit exclu-
sive cross-sections for ete™ — D®) D™ accessed through ISR process, once they are measured
with Super-KEKB factory statistics. Also a line-shape of the (3770) which was found to be
anomalous and indicating evidence for a new structure additional to the single ¥(3770) reso-
nance [364], could be further investigated. The latter may help to solve the puzzle related to
the large inclusive non-D D branching fraction of the ¥(3770), that is not confirmed by searches
for exclusive non-DD decays.
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5.13.3 Charmonium-like states

An important task for the Super-KEKB factory will be further studies of the XY Z states. The
recent results do not seem to bring us any closer to solve the puzzle which started in 2003, when
Belle discovered a narrow charmonium-like 77~ J /1 state with a mass of 3872 MeV in exclusive
B — KnnJ/y decays [365]. This state, called the X (3872), has been confirmed by CDF and
D0 to be produced in pp collisions, as well as by BaBar [366]. Recently the CDF experiment
has precisely measured mass of the X (3872) to be mx(3gr2) = 3871.61 £ 0.16 + 0.19 MeV /c2.
In addition to J/¢mT 7~ where dipion mass spectrum is consistent with originating from p —
7 [367], also an evidence of radiative decays to J/vry [368] and recently to 1(25)~ [369] indicates
a positive C-parity for the X (3872). The mentioned properties along with results of the CDF
angular analysis [370] strongly favor JP¢ = 1% and 27F for the X (3872). The X (3872) was
originally considered to be the 13D.y, however a closer examination of its properties indicated
problems with this interpretation: the 3872 MeV mass is substantially above model expectations
of ~ 3815 MeV; the decay rate to yx,1 is too small; the shape of the M (77) distribution is too
strongly peaked at high 77 masses; and the inferred exclusive branching ratio for B — (13Dg) K
is too large. As a result, a number of theorists have speculated that this particle may not be a
cc charmonium state, but, instead, a new type of four-quark meson.

The X (3872) mass being in close vicinity of the sum of the DY and D*® masses has trig-
gered speculations that X(3872) is a molecular bound state of D and D*¥ [371]. A narrow
near-threshold enhancement which could originate from the X (3872), have been observed in
the mass distribution of D°D*® system produced in the B — KD°D*® decays (Fig. 5.68)
[372]. Tts measured mass (m = 3872.670% 4+ 0.4 MeV/c?) and large branching fraction for
the DYD*Y decay mode with respect to J/vrT 7~ decays, support the molecular interpreta-
tion of the X(3872). Although the resonance line-shape can be important for investigating
the nature of the X (3872) [373], studying the X (3872) shape is not feasible with the current
statistics. Also precise measurement of mass and width of the enhancement can be only per-
formed with Super-KEKB factory data where having 5 ab~! would allow one to reconstruct
about 400 signal events. As the large branching fraction of radiative X (3872) decays, especially
of X (3872) — 1(2S)y, are problematic for molecular scenario [374], confirmation of existing
evidence for X (3872) — J/v¢y and ¢ (2S5)v radiative decays as well as search for less distinct
ones such as x.17, will be an important task on the way to understanding the nature of X (3872).

Tetraquark explanation of X (3872) [343] [375] predicts that the doublet should exist corre-
sponding to [cu][¢u] and [cd][cd] states produced respectively in charged BT — K*J/yntr~
and neutral B® — K°J/¢rT 7~ decays with masses different by a few MeV. However recent
studies have not revealed any significant mass difference between the X produced in charged
versus neutral B decays [376] (Fig. 5.69). The signal yield for X (3872) — J/ynTn~ (about
150 events for 600 fb~! data) once enlarged by a factor of a few shall be sufficient for determi-
nation of width of the X (3872) and a shape of the resonance. Remaining action items related
to hadronic X (3872) transitions and feasible with increased data sample, would be: search for
J /%70 decay mode which for any conventional resonance should obey the isospin relation,
confirmation of isospin violating mode J/¢n 77" and search for the charged partner of the
X (3872) predicted by the tetraquark models in the J/¢7 7% and not observed so far [377].

Other states which await understanding are Y (4008), Y (4260), Y (4360) and Y (4660) dis-
cussed below in more details. These are 17~ resonances observed in the J/¢r "7~ and ¢(25)7 7w~
systems produced in the ISR process. Estimation of their partial decay widths for numerous
open-charm final states, which are expected to be large for conventional charmonia in this mass
region, will give an insight into the nature of the Y-family.
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Figure 5.68: M (D°D*9) distributions in B — KD°D*0 decays for D** — D%y (left) and
D*0 — D79 (right). Solid line is the result of the fit, dotted line the contribution of the signal,
other lines denote backgrounds.

Z71(4430), the first charmonium-like state of non-zero electric charge has been observed in
the 771(2S) decay channel in a study of B — KnT1(25) decays performed by Belle [378].
This observation, based on a simple fit to the 71 (2S5) mass distribution, has been confirmed
through the Dalitz-plot analysis of B — K71 (2S) reaction [379]. The Dalitz plot studied and
fit results are shown in Fig. 5.70. Spin hypotheses of J = 0 and 1 have resulted in comparable
fit qualities and thus cannot be distinguished with current data sample. Therefore much larger
statistics is necessary to determine the spin-parity of the Z*(4430) as well as to further study
a structure at M?2(¢y(29)7F) ~ 18.5GeV?/c?, the significance of which remains below 40 with
the current luminosity.

Being a charged state the Z1(4430) has minimum quark content (ccud), and thus must
be exotic. Theoretical explanations have suggested that since the mass of the Z1(4430) is
close to the D*D;(2420) threshold it could be either an S-wave threshold effect [380] or a
D*D;(2420) molecule [381], whereas tetraquark hypothesis considers the Z7(4430) to be a
diquark-antidiquark state with the [cu][éd] configuration [382] and predicts an existence of its
neutral partner decaying to (25)7" or ¥)(25)n. In the molecular scenario the dominating decay
modes should be D*D*r whereas in the tetraquark one: D™ D* and Jiyr decay channels in
addition to ¥(2S)m. Obviously the mentioned decay modes are worth studying, however most
of them require significantly larger statistics because of either photons or slow pions present in
the final state and causing efficiency loss.

Recently BaBar in a search for the Z1(4430) in the 77 (2S) and 7 .J/¢ decays modes has
not found significant Z1(4430) signal in any of the systems studied [383] and claimed that Belle
and BaBar data remain statistically consistent. This calls for further, high statistics studies of
the Z71(4430).

Two other charged resonance-like structures have been observed by Belle [384] in the 7y
mass distribution near 4.1 GeV/c? in the B — K~y decays through full analysis of their
Dalitz plot (Fig. 5.71). Also in this case Super-KEKB statistics is necessary to determine
quantum numbers and precisely measure masses and widths of the resonances observed.
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Figure 5.69: M (J/¢m ") distribution for the ¥(25) (used as a reference) and X (3872) regions
for charged BT — K1J/yr" 1~ decays (respectively left and right upper plots) and for neutral
B — K%J/irT 7~ decays (left and right bottom plots).

5.13.4 Spectroscopy and cross-sections through ISR

Among unexpected charmonium-like states the Y (4260), Y (4008) [385-387], Y (4360) and Y (4660) [388,
389] are produced via eTe” annihilation have quantum numbers J PC =1~ (measured param-

eters of Y states are presented in Tab.5.26). The absence of open charm production associated

with these new states is inconsistent with their interpretation as conventional charmonium.
Partial widths of Y’s decay channels to charmonium plus light hadrons are found to be much
larger than those usual for conventional charmonium states. The Y (4260) and Y (4360) signals
observed in ete™ — Y (4260)(— J/¢YmTm )yisr and ete™ — Y (4360)(— ¥(2S)7T 77 )visr,
respectively, are shown in Fig. 5.72.

On the other hand, the parameters of the conventional charmonium 17~ states obtained
from fits to the inclusive cross section [390] remain model dependent. Since interference between
different resonant structures depends upon the specific final states, measurements of exclusive
cross sections for charmed meson and baryon pairs in the 4 to 5 GeV energy range are needed
to clarify the situation.

Initial-state radiation (ISR) provides a powerful tool for measuring exclusive ete™ cross
sections at /s smaller than the initial eTe~ center-of-mass energy at B-factories. ISR allows
one to obtain cross sections over a broad energy range, while the high luminosity of the B-
factories compensates for the suppression associated with the emission of a hard photon.

During the past three years numerous measurements of exclusive eTe™ cross sections for
charmed hadron pairs have been reported. Most of these measurements were performed at B-
factories using initial-state radiation (ISR). Belle presented the first results on the ete™ cross
sections to the DD, D*D*~, D**D*~ D°D=n+ DYD*~n+ and AFA, final states [391-395]
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shown in Fig. 5.73a), b), c), d), e), f), respectively. BaBar measured eTe™ cross sections to
DD and recently to the DD*, D*D* final states [396,397]. CLEO-c performed a scan over the
energy range from 3.97 to 4.26GeV and measured exclusive cross sections for the D,D, D,D*
and D*D,* final states at thirteen points with high accuracy [398]. The measured by Belle
open charm final states nearly saturate the total cross section for charm hadron production in
ete™ annihilation in the /s region up to ~ 4.5GeV. The exclusive cross sections for charm
strange meson pairs have been measured to be an order of magnitude smaller than charm meson
production [398]. Charm baryon-antibaryon pair production occurs at energies above 4.5GeV
where experimental data are limited or unavailable.

No clear evidence for open charm production associated with any of the Y states has been
observed. In fact the Y (4260) peak position appears to be close to a local minimum of both
the total hadronic cross section [399] and of the exclusive cross section for ete™ — D*D* [392,
397]. The X (4630), recently found in the ete™ — AFTA_ cross section as a near-threshold
enhancement [394], has a mass and width (assuming the X (4630) to be a resonance) consistent
within errors with those of the Y (4660) (Tab.5.26). However, this coincidence does not exclude
other interpretations of the X (4630), for example, as a conventional charmonium state [400,401]
or as a baryon-antibaryon threshold effect [402]. Finally, this year Belle reported no evidence
for Y (4260) — D°D*~ 7" decays as predicted by hybrid models [403].

Although main contributions to inclusive cross section for eTe™ annihilation to hadrons have
been measured, many other open charm final states remain unknown. Among them DHDH) (n)m
and AFA7 (n)m which are seen in the mass spectra recoiling against D(*)fyISR and AT vigR,
respectively. The charm strange final states Dg*)ﬁg*) have been measured by CLEO-c¢ with high
accuracy, but in the limited energy range below 4.26GeV only [398].

The main problem to extract the cross sections of the mentioned above charm final states is
the lack of statistics. The selection of signal events using full reconstruction of the final states plus
the ~1sr photon, suffers from low efficiency due to the small D(:) reconstruction efficiencies, small
branching fractions and the low geometrical acceptance for the vigr, which tends to be emitted
along the beam line. Using a partial reconstruction leads to serious background problems.
Moreover small statistics does not allow to perform angular analysis of the already measured
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cross sections, which could shed light on the origin of the cross section structures.

Table 5.26: Measured parameters of the Y states

State M, MeV/c2 Ttot, MeV Jre Decay Modes | Production Collaboration
Y (4008) | 4008 +£40751* [ 226 +444+87 | 17~ ata J/y eTe”(ISR) | Belle 07 [389]
Y (4260) 4259 + 812 88 + 23719 1= ata= J/y eTe”(ISR) | BaBar 05 [385]
Y (4260) 4252 + 612 1054+ 1875 | 17~ ata= J/yP eTe”(ISR) | BaBar 08 [387]
Y (4260) | 4247 +£12717 | 108419410 | 17~ atr J/ eTe (ISR) | Belle 07 [386]
Y (4325) 4324 + 24 172 + 33 17 | o7 9(2S) | ete (ISR) | BaBar 06 [388]
Y (4325) | 43614+949 TA4+154+10 | 177 | 77 (2S) | eTe (ISR) | Belle 07 [389)]
Y (4660) | 4664 £ 114+54 | 4841543 | 17~ | 77 (2S) | eTe (ISR) | Belle 07 [389]
X (4630) 463475 %3 92730 +10 1=~ AFAZ ete”(ISR) | Belle 08 [394]

5.13.5 Summary

Super-KEKB factory will provide opportunities for unprecedented studies of the properties of
charmonium systems and to search for the missing charmonium states. These measurements
will provide stringent tests of hadronic models in the filed where they are supposed to be most
reliable.

Taking history as our guide, we are confident that new and surprising discoveries will be
made.
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5.14 Electroweak physics

The standard-electro weak model has two fundamental parameters, which are directly related to
measurable quantities: the parameter p = M2,/(M% sin?©y ), which is unity in the standard
model and the Weinberg angle Oy, which determines the relative contributions of electromag-
netic and weak forces. Both parameters have been measured at the eTe™ colliders PETRA [404]
and TRISTAN [405] with a typical precision of about 6% before the high precision measurements
at the Z-pole became available from LEP and SLD. In addition experiments employing neutrino
proton scattering have measured sin?@yy with an accuracy of typically 10% [406]. The errors on
these older measurements are too large for the present investigation and will not be considered
any further.

Recently a growing interest is being observed to revisit this type of physics and repeat
sin?Oy and p measurements with high precision. There are two aspects to this renewed interest
in a precision determination of the fundamental electro-weak parameters. One is related to
a measurement of the NuTeV collaboration at Fermilab [407], which observes values of p and
sin?Oy not in agreement with the Standard model. The second motivation is that the scale
dependence of gauge couplings has been observed for the strong coupling constant a, and the
electromagnetic coupling «, however, not yet for the coupling constant of the weak isospin group
SU(2).

The quantity sin?Oyy is related to the coupling parameters of two gauge groups, U(1) for the
electromagnetic part and SU(2) for the weak isospin part of the standard electro weak model.
Both couplings have a different scale dependence resulting in a scale dependence of a more
complicated nature for sin?@y, [408] as shown in Fig. 5.74. To test the scale dependence, data
below the Z-pole with an accuracy of a few 10~ will serve the purpose.

Two experiments are being proposed to measure sin?Oyy at center of mass energies below
1 GeV, QWEAK [409] at the Jefferson Lab in Virginia and one at SLAC, E-158 [410]. The
QWEAK experiment will deduce sin?Oyy from elastic scattering of polarized electrons off pro-
tons, while the SLAC experiment measures Moller scattering of polarized electrons.

The NuTeV detector at Fermilab consists of an 18 m long, 690 ton active steel-scintillator
target with drift chambers as tracking devices followed by an iron-toroid spectrometer. High
purity v, and 7, beams resulting from interactions of 800 GeV protons in a BeO target can be
directed onto the detector.

In principle sin?Oyy can be derived from a measurement of the ratio between neutral current
(NC) and charged current interactions (CC) in a nuclear target for just one neutrino species.
This approach is, however, subject to large QCD corrections. The corrections can be minimized
by a determination of the ratio R~ with

o(wuyN - v, X) —o(@,N —7,X)

R —
o(WuN — p=X) —o(@uN — ptX)

NuTeV obtains with this method sin?@y, = 0.2277 + 0.0013 £ 0.0009 [407], a value which is
30 above the value expected for the standard electro weak model. From a two parameter fit to
p and sin?Oyy they conclude that one of the quantities, but not both of them can be made to
agree with the Standard model value. Their result is sensitive to new physics in the W and Z
sector and suggests a smaller left-handed NC coupling to light quarks than expected. But this
result also depends on hadronic corrections and nuclear structure functions, which is the main
criticism with respect to an interpretation in terms of deviations from the standard model.
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In the electro-weak process ete™ — putpu~ the values for sin?Oy and p are derived from a
fit to the distribution of the centre of mass production angle (©*) of u pairs with respect to the
axis of the incoming positron in the eTe™ center of mass system [404].

do _a?
dQ  4s

with the following definitions:

(C1(1 + cos® ©*) + Cy cos ©F)

Ci =14 2vev,x + (v? + GZ)(UZ + ai)xQ

Cy = —4daca,x + 8veaeaMX2

Ve = —1+ 4sin? Ow Qe = —1

The quantity y may be written in two different ways, as a function of sin?Oyy or as a function
of p

1 s
X~ 16 5in? O cos?2 O (s — M2)

or
B pGFM% s

 8ma/2 (s — M3)

where s is the square of the center of mass energy and Gp = 1.17 x107° GeV~? is the Fermi
coupling constant.
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For the purpose of estimating statistical errors and significance levels it is sufficient to con-
sider the forward-backward charge asymmetry integrated over all angles, which in the approxi-
mation C1 = 1, Cy = —4a.a,X equals
30, 3

“8c, 2%
In an actual experiment one would fit the angular distribution and hence increase the sensi-
tivity.

ArB

A guideline for estimating the significance of a measurement at /s = 10 GeV would be
the capability of distinguishing the value of sin?Oy at the Z-pole from a value it would as-
sume if it were running according to the predictions of the Standard model. With the Z-pole
value of sin?Oy = 0.232 the forward-backward asymmetry assumes a value of App(y/s =
10 GeV) = 6.34 x 1073, For sin?0Oy running according to the standard model, the asymmetry
is App(y/s =10 GeV) = 6.38 x 1073. The charge asymmetries for a running and a constant
coupling coupling constant thus differ by §(App) =4 x 1075,

From the above relation between App and x one can estimate the sensitivity of App on
sin? fy. At 10 GeV center of mass energy, the statistical error on sin?Qy o (sin?Oyy ) is around
50 times larger than the error on the forward-backward asymmetry:

a(sin2 ew) ~ 50 O'(AFB)

With a statistical error of o(Arg) = £1 x 107° on the charge asymmetry the corresponding
error on sin?Oy is o(sin?Oy ) = 5 x107%.

The number of events required to achieve this accuracy is certainly smaller than 10'° events'?,
because when fitting an angular distribution much more efficient use is being made of the ex-
perimental data. Thus for an accumulated luminosity of 10 ab™! with around 10'° produced
ete™ — ptu~ events a statistically very significant measurement can be made, which is com-
patible with that of the two dedicated experiments as may be inferred from Fig. 5.74.

The p-pairs from the decay of the T(4S) will have a different asymmetry than those of the
continuum, as with T as an intermediate state the Z-boson couples to b-quarks and the relative
weight between v and Z-exchange is altered with respect to the continuum. The branching
fraction of BR(Y(4S)— utp~) = 3 x 1079 is, however, so small that corrections to the angular
dependence will become less important and they can be calculated with sufficient accuracy, as
all couplings and weak charges are known. The experiment is thus a continuum experiment.

Radiative corrections are small and can be calculated with sufficient accuracy [414]. These
corrections come in two categories, the emission of real photons from the incoming electrons
and positrons resulting in a downward shift of the center of mass energy and higher order loop
corrections. The initial state radiation is well understood and corresponding MC programs are
at hand. The loop corrections affect Oy and p.

Loop corrections are absorbed into the definition of an effective Weinberg angle sin? O, =
k(Q?) sin? Oy with k(M2) = 1.040 at the Z-pole. At 10 GeV center of mass energy we expect
k to be of the order of 1.02. The value of « is mainly due to the running of the electromagnetic
coupling constant a. The contribution from electroweak loops depending on the Higgs and the
top masses is one order of magnitude smaller. Loop corrections to p are of the order of 0.5% and

12Fstimating the stat. uncertainty of the asymmetry by o(Arg) = 1/v/N.
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depend on the running of a as well as on the Higgs and top masses. The uncertainty introduced
by radiative corrections is estimated to be at the level of 1075.

A potential source of systematic errors are radiative returns of the Y(1S) and higher reso-
nances. These events can be removed by a cut on the invariant mass of the two leptons.

The angular distribution of electron pairs is known with high accuracy and therefore electron
pairs can be used to check the charge symmetry of the detector and other systematic errors like
those, which may be related to the fact that the muon momenta in the forward and backward
hemispheres are different due to the asymmetric energies of the colliding electron and positron
beams. Systematic errors due to a charge asymmetry of the detector will, thus, decrease with
increasing statistics. They are estimated at 10~% for an accumulated luminosity of 1 ab™!.

Muon identification need not be very restrictive, because there are only very few reactions,
which could fake muon pairs, if collinearity of the two tracks is requested. Tau pairs will be
rejected by collinearity cuts and invariant mass cuts, the cross section for pion pairs is too small
to present a serious background and electron pairs are easily identified by their unique signature
in the Csl crystals. As a first guess, a loose identification requirement for a single muon track
would be sufficient, while the second collinear particle need not be strictly identified as a muon,
as long it is incompatible with the electron hypothesis.

The presence of SU(2) breaking forces could result in a different phenomenological pattern
for reactions, where quarks are present or only leptons are involved. Leptoquarks as an ex-
ample could alter the result of a sin?©y measurement in neutrino-nucleon scattering without
a measurable impact on the charge asymmetry of muon pairs in eTe™ annihilation. Therefore
one could imagine to face a situation, where purely leptonic experiments would agree with the
Standard model, while reactions involving nucleons wouldn’t. In this case one could extend the
program at SuperKEKB to a determination of the charge asymmetry of jets. This is a very
ambitious measurement, which needs extensive MC studies to investigate the feasibility of such
a measurement.

In summary, SuperKEKB will be capable of performing a statistically significant measure-
ment of the Weinberg angle sin?@y in order to prove the running of the U(1)/SU(2) couplings
of the standard electroweak model and set limits on new weak isospin breaking interactions. In
order to achieve this, data corresponding to about 10 ab™! are needed to add an independent
measurement point of competitive accuracy to other low energy experiments. Higher statistics
will of course lead to even more stringent tests of the Standard model.
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5.15 Summary

Tables 5.27 and 5.28 summarize the sensitivities for some of key observables described in the
previous sections. As a comparison, we also list expected sensitivities at LHCb whenever avail-
able. It is seen that most of key observables are accessible only at the ete™ B factories. The
advantage of the clean environment at SuperKEKB is thus clear. Note that the B physics pro-
gram at hadron colliders has its own unique measurements that are not accessible at ete™ B
factories. Examples include rare B decays such as By — pTp~. Thus B physics programs at
hadron colliders also help scrutinize the rich phenomenologies of B meson decays.
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Observable Belle 2006 SuperKEKB TLHCb
(~0.5 ab™1) (5 ab™1) (50 ab=1) (2 fb~1) (10 fb 1)
Hadronic b — s transitions
ASy o 0.22 0.073 0.029 0.14
AS, ko 0.11 0.038 0.020
A8k 010 0.33 0.105 0.037 - -
AArogo 0.15 0.072 0.042 - -
Apor+ 0.17 0.05 0.014
1 (¢pKs) Dalitz 3.3° 1.5°
Radiative/electroweak b — s transitions
SKOx0y 0.32 0.10 0.03 - -
B(B — Xsv) 13% % 6% - -
Acp(B — Xv) 0.058 0.01 0.005 - -
Cy from App(B — K*(1(7) - 11% 4%
Cyo from App(B — K*(T¢7) - 13% 4%
C7/Cg from ZFB(B — K*€+€7) - 5% 7%
Rk 0.07 0.02 0.043
B(BT — Ktw) I < 3 Bsm 30% - -
B(B° — K*%up) 1 < 40 Bsm 35% - -
Radiative/electroweak b — d transitions
Soy - 0.3 0.15
B(B — X47) - 24% (syst.) - -
Leptonic/semileptonic B decays
B(Bt — %) 3.50 10% 3% - -
B(Bt — utv) T <24Bsy 4.3 ab~! for 50 discovery - -
B(BT — Drtv) - 8% 3% - -
B(B® — Drv) - 30% 10% - -
LFV in 7 decays (U.L. at 90% C.L.)
B(t — wy) [1077] 45 10 5 - -
B(t — pn) [1079] 65 5 2 - -
B(T — ppup) [1079] 21 3 - -
Unitarity triangle parameters
sin 2¢1 0.026 0.016 0.012 ~0.02 ~0.01
¢o () 11° 10° 3° - -
@2 (pm) 68° < ¢ < 95° 3° 1.5° 10° 4.5°
o2 (pp) 62° < ¢ < 107° 3° 1.5° - -
¢2 (combined) 2° S1e 10° 4.5°
¢3 (D™ K*)) (Dalitz mod. ind.) 20° 7° 2° 8°
$3 (DK™)) (ADS+GLW) - 16° 5° 5-15°
$3 (D)) - 18° 6°
¢3 (combined) 6° 1.5° 4.2° 2.4°
|Vus| (inclusive) 6% 5% 3% - -
|Vus| (exclusive) 15% 12% (LQCD) 5% (LQCD) - -
s 20.0% 3.4%
LAAF7 15.7% 1.7%

Table 5.27: Summary of sensitivity (I). Branching fraction limits in the table are at the 90%
confidence level. TValues for LHCb are statistical only and are taken from [415] unless otherwise
stated. T Bey represents the expected branching fraction in the SM; Bsy = 5 x 1076 for
B(BT — K*wvv), 7x 107% for B — K*%vu and 7.07 x 10~7 for B(BT — uv) are used in this
table. TtTSee the next chapter for details. 228



Observable Belle Belle/SuperKEKB LHCbT
(2 fb=1) (10 fb=1)
B; physics (25 fb1) ( 5ab™1)
B(Bs — v7) <87x10° 0.25 x 1076 - -
ATSP /T, (Br(Bs — D‘g*)Dg*))) 3% 1% (model dependency) - -
AT /Ty (Bs — fop t-dependent) - 1.2% - -
s (with By — J/1é etc.) . - - 0.02 0.01
B(Bs — ptu™) - 6 fb~1 for 50 discovery
¢3 (Bs — KK) - 7-10°
¢3 (By — D,K) - 13°
T decays (3ftb=1) (500 fb~1)
B(Y(1S) — invisible) <25x1073 <2x107*
(~0.5 ab—1)# (5ab~1) (50 ab™!)
Charm physics
D mixing parameters
x 0.25% 0.12% 0.09% 0.25%"T
y 0.16% 0.10% 0.05% 0.05%11
Ok 10° 6° 4°
lg/pl 0.16 0.1 0.05
10} 0.13 rad 0.08 rad 0.05 rad
Ap 2.4% 1% 0.3%
New particles™
vy — Z(3930) — DD* > 30
B — KX(3872)(— D°D*%) 400 events

B — KX (3872)(— J/ymtn™)
B — KZ7%(4430)(— ¢/7 ™)
ete™ — ysrY (4260)(— J/¢rTn™)
Electroweak parameters
sin? O

1250 events
1000 events
3000 events
(~10 ab™1)

3x 1074

Table 5.28: Summary of sensitivity studies (IT). fValues for LHCb are taken from [415] unless
otherwise stated. ‘For D mixing parameters the world average of results from [22] is quoted.
TTLHCD sensitivities on 2 and y are estimated from sensitivities on 2’2, ' and ycp [295] assuming
r =1y = 0.80% and dxr = 25° £ 6°. ®Due to a large number of various possible measurements
we only list expected signal yields for a few interesting processes.
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Chapter 6

Study of New Physics Scenarios at
SuperKEKB

6.1 SUSY

6.1.1 Comparison of different SUSY breaking scenarios

As discussed in the previous sections, there are a number of processes in which one may find
observable effects of physics beyond the Standard Model (BSM). In particular, processes induced
by loop diagrams can be sensitive to new particles at the TeV energy scale, as the Standard Model
contribution is relatively suppressed. Such processes include S, KO AL (b — s7), ABX(b — s7v),
Br(b — stt47), App(b — s¢*t¢7), and Br(t — py). In this section we consider some specific
new physics models in the context of supersymmetry (SUSY) and investigate how their effects
could be seen in these processes.

The hierarchy problem of the Higgs mass suggests that the physics beyond the Standard
Model most likely exists at the TeV energy scale, and hence the LHC has a good chance of
discovering new particles. However, the flavor structure of the BSM will still remain to be
investigated, as hadron collider experiments are largely insensitive to flavor-violating processes.
In SUSY models, for example, flavor physics is the key to investigating the mechanism of SUSY
breaking, which is expected to exist at a higher energy scale.

As discussed in Section 3.3, even in the minimal supersymmetric extension of the SM
(MSSM), most of the parameter space is already excluded by the present FCNC constraints,
and hence one has to consider some structure in the soft SUSY breaking terms such that the
FCNC processes are naturally suppressed. In this study we consider the following three models
according to refs. [1,2].

e Minimal supergravity model (mSUGRA)
In this model one assumes that supersymmetry is broken in some invisible (hidden) sector
and its effect is mediated to the visible (observable) world only through the gravitational
interaction. Since gravity is insensitive to flavor, the induced soft breaking terms are flavor
blind at the scale where they are generated. Namely, all sfermions have degenerate mass
m%; trilinear couplings of scalars are proportional to Yukawa couplings; all gauginos are
degenerate with mass M ;. Even though the soft breaking terms are flavor blind, they
could induce flavor violation as they evolve from the SUSY breaking scale (assumed here
to be My ~ 2 x 106 GeV for simplicity) to the electroweak scale by the renormalization
group equations, since the Yukawa couplings are flavor dependent. In general, FCNC
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effects are small for this model.

e SU(5) SUSY GUT with right-handed neutrinos

Grand Unification (GUT) is one of the motivations to consider supersymmetric models,
as they naturally lead to the unification of the gauge couplings. In GUT models quarks
and leptons belong to the same multiplet at the GUT scale. Therefore the flavor mixings
of the quark and lepton sectors are related to each other. In particular, large neutrino
mixing can induce large squark mixing for right-handed down-type squarks [3-8]. In this
class of models we consider two cases where the masses of the right-handed neutrinos
are degenerate or non-degenerate. Because of the large neutrino mixing, the bulk of the
parameter space is excluded in the degenerate case due to the B(u — e7) constraint, and
as a result the effect on other FCNC processes is limited. On the other hand, for the
non-degenerate case one can expect larger FCNC effects.

e U(2) flavor symmetry
The family structure of the quarks and leptons could be explained by some flavor symmetry
among generations. Although U(3) is a natural candidate for such a symmetry, it is badly
broken by the top quark Yukawa coupling. Therefore, here we consider a U(2) flavor
symmetry among the first two generations in the context of SUSY. We assume some
breaking structure of the U(2) symmetry for the Yukawa couplings, squark mass matrices,
and the scalar trilinear couplings.

These models still contain many parameters. We randomly choose a number of points
from the multi-dimensional parameter space, while fixing the gluino mass at 600 GeV/c? and
tan 8 = 30. Among these points, those that are already excluded from existing mass bounds
and FCNC constraints, such as ex, b — sv branching fraction, and p — ey branching ratio, are
eliminated. The results for several quantities are then shown in the following scatter plots.

First of all, the expectations from these models for two interesting FCNC processes S SKY and
Sp—sy are shown in Fig. 6.1, together with the expected sensitivity at SuperKEKB, expected
at the modest integrated luminosity of 5 ab~!. Each dot in the plots shows a randomly chosen
parameter point of the model. One can observe a significant deviation from the SM for the SU(5)
SUSY GUT with a right-handed neutrino (non-degenerate case) while the mSUGRA model gives
comparatively small deviations from the SM for these FCNC processes. We emphasize that these
different models could have almost an identical mass spectrum of SUSY particles as shown on
the bottom panels in the figure. This means that the flavor structure of BSM models is barely
probed by measurements at high energy collider experiments.

Correlations for other interesting FCNC processes are shown in Figs. 6.2-6.5 for the above
four SUSY models. Also shown in the figures are expected errors at 50 ab~!. With these
additional correlations, we can further narrow down possible scenarios; for instance, large direct
CP violation in b — sv would imply that the U(2) model was favored. On the other hand,
observation of 7 — py decays would strongly suggest the non-degenerate SU(5) model. Even if
the deviation from the mSUGRA in Sd)Kg and Sp_.s, turns out to be too small to distinguish
among different scenarios, there are many other possibilities that can be pursued at SuperKEKB.

In order to illustrate the constraints on the parameter space of various NP models, we
show the values of S(¢Kg) and S(K*v) as a function of the gluino mass (for a fixed value of
tan § = 30) [10] in Fig. 6.6. The expected experimental sensitivity at 50 ab~! is also shown.
The actual constraints of course depend on the measured central values, but it is clear that the
measurements at Super KEKB can severely constrain possible parameters of the models.
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6.2 The CKM fit as a model independent approach

6.2.1 Strategy

At SuperKEKB, there are a number of processes from which we can measure the fundamental
parameters of the Standard Model (SM), i.e. quark mixing angles and phases. In this section
we discuss how these measurements at SuperKEKB may be used to gain insight into the flavor
structure of new physics without assuming some particular model.

Fitting the CKM parameters using the available data is a common practice. One draws
the constraints obtained from several measurements in the parameter space of (p,7), which are
the least known parameters in the usual parametrization of the CKM matrix. If one found
an inconsistency among the different input quantities, it would indicate the existence of a new
physics effect for some quantities. We investigate how SuperKEKB can contribute to narrowing
down the allowed region from each measurement.

Once deviations from the SM are established, the next question is which quantities are af-
fected by the new physics and how. To consider such questions, it is natural to assume that
tree-level processes are not affected much by the new physics. If the Standard Model is a low
energy effective theory of some more fundamental theory, the new physics effects will manifest
themselves as non-renormalizable higher dimensional operators. In tree-level processes such op-
erators are relatively suppressed, while in loop-induced FCNC processes the higher dimensional
operators could compete with the loop effects of the Standard Model.

Therefore, we may proceed in three steps. Firstly, we obtain a constraint on (p,7) using
only tree-level processes, i.e. |Vyp| from the semileptonic decay b — ufv and ¢3 from the DK
asymmetry. The result can be considered as the SM value of (p,7) even in the presence of the
new physics. Secondly, the allowed region for (p, ) is compared with the determination through
B — BY mixing, i.e. Amgy and sin2¢; from B — J/ng. If we assume that the decay amplitude
for B — J/¢KY is dominated by the tree-level contribution, this region of (p,7) contains
loop effects from AB = 2 processes. Finally, we consider a parametrization of new physics
contributions to B® — BY mixing with the amplitude Mjy expressed as Mjy = MM + MY,
and obtain a constraint on M{¥" [11-13]. Such a study of the CKM parameter fit is described
in the next section.

The separation of the Standard Model and new physics contributions can also be formulated
for radiative and semileptonic B decays: b — sv and b — s¢T¢~. As discussed in Section 3.5,
in the language of the effective Hamiltonian the new physics contribution can be expressed in
terms of Wilson coefficients.

A similar strategy can be applied to hadronic decay amplitudes. For instance, the difference
between the values of sin 2¢; measured in J /ng and d)Kg decays implies some new physics
effect in the b — sSs penguin process. One can parametrize the b — sss amplitude in terms of
SM and new physics amplitudes. In this case, however, the calculation of the decay amplitudes
from the fundamental theory is much more difficult and the utility of the parametrization is
limited.

6.2.2 The CKM fit

We perform a global fit to the CKM parameters (p, ) using the CKMfitter package [14]*. If no
new physics effect exists, all the measurements should agree with each other in the (p,7) plane

"We use the CKMFitter package with the R-fit option. The parameter values are the default values used in
the package if not mentioned explicitly.
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measurements | Belle (~0.5ab™1) SuperKEKB (50ab~!)
central value error central value error
Amy 0.507 ps—! 0.8% 0.507ps~* 0.8%
sin 2¢; (b — c¢) 0.642 0.026 0.734 0.012
b2 93.0° 11° 94.6° 20
b3 53.0° 19° 61.6° 30
Vuy (inclusive) 4.09 x 1073 6.3% 3.94 x 1073 3.0%
Br(B — Tv) 1.79 x 107* 38% 1.13 x 10~* 4%
) 0.034 26% 0.032 5%
Vi 0.417 x 1072 0.16% 0.417 x 1073 0.16%
S 17.77 ps—! 0.7% 17.77 ps~! 0.06 %
€K 0.002221 3.6% 0.002221 3.6%

Table 6.1: Summary of measurements used in the CKM fit. Quoted errors in V,; are experi-
mental errors only. Central values of SuperKEKB measurements correspond to p = 0.193 and
7 = 0.356.

parameters central values errors
Belle (~0.5ab™!)  SuperKEKB (50ab™1)
fBs 0.237 14% 4%
fBsvVBs 0.277 13% 4%
£ 1.24 5% 2%
Vup theory - 7% 4%
B — (p,w)y theory - 11% 8%

Table 6.2: Summary of theoretical parameters used in the CKM-fit.

and can be combined to obtain the constraint on them. On the other hand, the effect of new
physics may cause discrepancies among these measurements.

The strategy is to look for the new physics effects from only one source at a time, in order to
quantitatively identify the new physics contribution. Assuming that the tree-level processes are
insensitive to new physics effects, we determine the SM value of (p, 77) using |V,;3| from B — X, fv
decays and ¢3 from BT — D[— Kg7r+7r_]Ki 2. We then examine the b — d box diagram, i.e.
BY — B9 oscillations, for which the available measurements are sin2¢; from B? — K" and
Amd.

The experimental measurements used in the fit are listed in Table 6.1, where the errors are
based on the sensitivity studies in the previous sections. In addition to the measurements at
SuperKEKB, other measurements of Amg and ex are included in the fits. In particular, a very
high precision measurement of Amy is expected by the LHCb experiment in near future [16]
which gives a strong constraint in (p, 77) combined with the Amg measurement at SuperKEKB.
The errors in the table include both statistical and experimental systematic errors. They are

2There is a possible effect of new physics on the Dalitz distributions through D° — D° mixing or CP violation in
D°. However, we can check and measure the effect from the data using soft-pion tagged D° decays (D*t — Doﬂj)
[15], and verify whether its effect to the ¢s measurement is small enough.
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combined and symmetrized.

Table 6.2 summarizes the theoretical parameters used in the fit. The parameters are mainly
given by the lattice QCD calculations. The current largest uncertainty is in the calculations
of fp and Bp for the |Vy|/|Vis| derivation from the measured Amg and Amg. To reduce
the uncertainty, the calculations for Bg; mesons are adopted and they are related to be By
parameters through a SU(3) correction factor £ which is better known. We adopted S.Sharpe’s
predictions [17] for the uncertainties in these parameters for the fit.

The constraint on (p, 77) using all these measurements for the SM case is shown in Figure 6.7.
The plots are shown for (a) current Belle (~500 fb~!) and (b) 50 ab~!. Drastic improvements are
expected with the statistical power of the SuperKEKB. Table 6.3 shows the errors in determined
(p,7) for the cases of the current Belle (~0.5 ab™!) and the SuperKEKB(50 ab~!). An O(1%)
determination of (p,7) apex becomes possible at SuperKEKB.

The effect of New Physics(NP) is expected to appear in the measurements where the loop
diagrams contribute. In the SuperKEKB measurements, possible NP effects are expected to
contribute, for example, to the B; box diagram and influence the measurements of sin 2¢; (b — ¢)
and Amg. On the other hand, the measurements of ¢3 by B — D(*)K(*) and |Vy,| by B — X, lv
are governed by pure tree-level diagrams only and do not include the NP effect. The comparison
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o(p) o7
Belle (~0.5 ab™!) 20.0% 15.7%
SuperKEKB (50 ab™!) | 3.4% 1.7%

Table 6.3: Errors in the (p,7) constraints at Belle and SuperKEKB.

of the (p,77) apex determined by these two measurements separately could be a sensitive probe
to NP. Fig. 6.8 a) shows the constraint in (p,77) obtained by the measurements of |V,;| and ¢3
only, while b) is that of sin2¢; and Amy only.
The effect of new physics on the b — d box diagram can be parameterized by modifying the
mixing amplitude M as
M = r3 Mgy exp(—i20g), (6.1)

where Mg\ is the contribution from the SM, while r4 and 6, are is the magnitude and phase
of the NP contribution. The CKM fit including the NP parameterization is performed for the
measurements of sin2¢; and Amyg, together with the tree level measurements ¢3 and |V,
and the obtained constraints in 7“2 and 260, are shown in Fig. 6.2.2. The accuracies of the
determination of the magnitude 7’3 and the phase 26, are summarized in Table 6.4.

Parameter | Belle (~0.5 ab™!) | SuperKEKB (50 ab~!)
ra +0.7 +0.15
20, +11° 130

Table 6.4: Errors in the NP parameters at Belle and SuperKEKB.
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Chapter 7

Summary

The grand challenge of elementary particle physics is to identify the fundamental elements of
Nature and uncover the ultimate theory of their creation, interactions and annihilation. To
this end, all elementary particles and the forces between them should be described in a unified
picture. Such unification naturally requires a deep understanding of physical laws at a very
high-energy scale; for instance the unification of electroweak and strong forces is expected to
occur at around 10'® GeV, which is often called the GUT scale.

It is unlikely that the GUT scale will be realized at any accelerator-based experiment even
in the distant future. However, there are a few very promising ways to promote our grand
challenge. One such approach is to elucidate the nature of quantum loop effects by producing
as many particles as possible. This provides the rationale to pursue the luminosity frontier.

There is no doubt that past experiments at the luminosity (or intensity) frontier of the
age have yielded epoch-making results. This good tradition has been followed by Belle and
BaBar, experiments at energy-asymmetric eTe~ B factories KEKB and PEPII, which have
observed C'P violation in the neutral B meson system. The result is in good agreement with
the predictions of the Kobayashi-Maskawa model of C'P violation described by the Cabibbo-
Kobayashi-Maskawa (CKM) matrix. We are now confident that the CKM phase is the dominant
source of C'P violation. The measurements performed by the two B factories experimentally
verified theoretical predictions to the extent sufficient for the Nobel prize in physics awarded
to M. Kobayashi and T. Maskawa in 2008. In 2003 the KEKB collider achieved its design
luminosity of 1x10% cm™2s~!. By 2010 the Belle experiment will accumulate an integrated
luminosity of 1 ab™!. The Unitarity Triangle has been determined with a precision of 0(10)%.
Various other quantities in B meson decays have also become accessible in the era of the B
factories. In particular, the first observation of direct C'P violation in charmless B decays has
been obtained.

Over the past thirty years, the success of the Standard Model, which incorporates the KM
mechanism, has become increasingly firm. This strongly indicates that the Standard Model
is the effective low-energy description of Nature. Yet there are several reasons to believe that
physics beyond the Standard Model should exist. One of the most outstanding problems is the
quadratically divergent radiative correction to the Higgs mass, which requires a fine tuning of
the bare Higgs mass unless the cutoff scale is O(1) TeV. This suggests that the new physics lies
at the energy scale of O(1) TeV. There is a good chance that LHC will discover new elementary
particles such as supersymmetric (SUSY) particles. With this vision in mind, we raise an
important question “what should be a role of the luminosity frontier in the LHC era 7”

To answer the question, we note that the flavor sector of the Standard Model is quite suc-
cessful in spite of the problem in the Higgs sector. This is connected to the observation that

272



Flavor-Changing-Neutral-Currents (FCNCs) are highly suppressed. Indeed, if one considers a
general new physics model without any mechanism to suppress FCNC processes, present ex-
perimental results on B physics imply that the new physics energy scale should be larger than
O(10%) TeV. This apparent mismatch is called the new physics flavor problem. To overcome
the problem, any new physics at the TeV scale should have a mechanism to suppress FCNC
processes, which often results in a distinctive flavor structure at low energy. Therefore, the
indispensable roles of the luminosity frontier are to observe deviations from the Standard Model
in flavor physics, and more importantly, to distinguish between different new physics models
by a close examination of the flavor structure. Comprehensive studies of B meson decays in
the clean ete™ environment provide the ideal solution for this purpose, which is not possible at
LHC nor even at the future linear collider.

These provide the primary motivation for SuperKEKB, a major upgrade of KEKB. Its design
luminosity is 8 x 103> cm™2s~!, which is 40 times as large as the peak luminosity achieved by
KEKB. Various FCNC processes, such as the radiative decay b — s, the semileptonic decay
b — sl*l™, and the hadronic decays b — sqq and b — dgq, can be studied with unprecedented
precision. All of these processes are suppressed in the Standard Model by the GIM mechanism,
and therefore the effect of new physics is relatively enhanced. New observables that are currently
out of reach will also become accessible. In addition to B meson decays, FCNC processes in 7
and charm decays will also be studied at SuperKEKB.

The Belle detector will be upgraded to take full advantage of the high luminosity of Su-
perKEKB. In spite of harsh beam backgrounds, the detector performance will be at least as
good as the present Belle detector and improvements in several aspects are envisaged. Ta-
bles 5.27 and 5.28 summarize the physics reach at SuperKEKB. As a reference, measurements
expected at LHCb are also listed. One of the big advantages of SuperKEKB is the capability
to reconstruct rare decays that have v’s, 7%, Kg’s or neutrinos in the final states. There are
several key observables in the above tables that require this capability. Also important are time-
dependent C'P asymmetry measurements using only a K g and a constraint from the interaction
point to determine the B decay vertices. Examples include B? — K*0(— Kgﬂo)% WOKg and
KgKgKg. These fundamental measurements cannot be carried out at hadron colliders.

Figure 5.4(right) shows a comparison between time-dependent C'P asymmetries in BY —
J/ ng7 which is dominated by the b— c¢s tree process, and B — ¢K?, which is governed by
the b — s§s FCNC (penguin) process. It demonstrates how well a possible new C P-violating
phase can be measured. Such a new source of C'P violation may revolutionize the under-
standing of the origin of the matter-dominated Universe, which is one of the major unresolved
issues in cosmology. Figure 6.1 shows correlations between time-dependent C'P asymmetries in
BY — K*94 and B — d)Kg decays in two representative new physics models with different
SUSY breaking scenarios; the SU(5) SUSY GUT with right-handed neutrinos and the minimal
supergravity model. The two can be clearly distinguished. This demonstrates that SuperKEKB
is sensitive to a quantum phase even at the GUT scale. Note that these two models may have
rather similar mass spectra. It will therefore be very difficult to distinguish one from the other
at LHC. If SUSY particles are discovered at LHC, the origin of SUSY breaking will become one
of the primary themes in elementary particle physics. SuperKEKB will play a leading role in
such studies.

We emphasize that the example above is just one of several useful correlations that can be
measured only at SuperKEKB. The true value of SuperKEKB is a capability to observe the
pattern as a whole, which allows us to differentiate a variety of new physics scenarios. It is
so to speak “DNA identification of new physics’, in that each measurement does not yield a
basic physical parameter of the new physics but provides an essential piece of the overall flavor
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structure. This strategy works better when we accumulate more data. Thus the target annual
integrated luminosity of more than 5 ab~! is not a luxury but necessity, and stable long-term
operation of SuperKEKB is necessary to meet the requirements.

Determination of the Unitarity Triangle will also be pushed forward and will be incorporated
in the global pattern mentioned above. This can be done at SuperKEKB using redundant
measurements of all three angles and all three sides of the Unitarity Triangle. In particular,
¢ measurements and V,;, measurements require the reconstruction of 7° mesons and neutrinos
and are thus unique to a Super B-Factory. An inconsistency among these measurements implies
new physics. Figure 6.7 shows the constraints from the Belle experiment and the projection for
the case with 50 ab™!, respectively. The clear difference between two figures demonstrates the
power of the ultimate precision of O(1)%, which will be obtained at SuperKEKB. This precision
will allow us to test many new physics scenarios that employ new flavor symmetries. Such tests
will serve as a necessary step toward our grand challenge of resolving the origin of hierarchy in
the flavor structure.

We thus conclude that the physics case at SuperKEKB is compelling. It will be the place to
elucidate the new physics flavor problem in the LHC era. The physics program at SuperKEKB
is not only complementary to the next-generation energy frontier programme, but is an essential
element of the grand challenge in elementary particle physics.
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